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Doctoral Thesis, 180 p. 
December 15, 2017 
 
The smectites represent a versatile class of clay minerals, offering possibilities 
of applications in several industrial and scientific fields. The hectorite belongs to this 
class, but it has the advantage of production through low-cost and relatively fast 
methods, presenting a flexible and tailorable structure which allows modifications on its 
composition to better match the desirable application. The current thesis discusses the 
synthesis and characterization of hectorite-based materials designed to act as host lattices 
for optically active species. In view of that, since the common hectorite structure has 
OH- ions in its composition, it is not the optimum material for luminescence applications 
because the hydroxyl ions may lead to luminescence quenching via multiphonon de-
excitation. For this reason, the nanoclay materials discussed in the current thesis were 
synthesized based on the hectorite structure, but replacing its hydroxyl ions with 
halogens, generating the fluorohectorite (F-Hec), chlorohectorite (Cl-Hec), 
bromohectorite (Br-Hec) and iodohectorite (I-Hec) materials. Moreover, from the best 
of my knowledge, the current research is pioneering in the synthesis of the Cl-Hec, Br-
Hec and I-Hec materials. 
The halogen-hectorites (X-Hec) materials have been obtained with similar 
crystal structure to the nanocrystalline fluorohectorite, presenting a d001 spacing of 14.30 
Å and nanoscale crystallite sizes. All X-Hec behave as mesoporous materials, having 
specific surface areas ranging from 240 to 540 m2g-1, showing also good thermal stability 
(up to 750 °C). Thus, the X-Hec materials show strong potential to act as host lattices 
for optically active species, generating luminescent materials. All X-Hec materials 
(without doping) show a blue-green emission under UV radiation and short persistent 
luminescence (ca. 5 s), having their luminescence features attributed to a titanium 
impurity which acts as the luminescent center in these materials. Furthermore, the X-
Hec materials were proven to be suitable host lattices for rare earth ions (RE3+) through 
the doping of Cl-Hec and F-Hec materials with Eu3+ and/Tb3+ (without the usage of 
“antennas” compounds), producing red- and green-emitting materials.  
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Smektiitit ovat monipuolisia savimineraaleja, joilla on mahdollisia sovelluksia 
useilla teollisilla ja tieteellisillä aloilla. Hektoriitti kuuluu tähän luokkaan, ja sen etuja 
ovat edullinen tuotanto suhteellisen nopeilla menetelmillä. Joustavan ja räätälöitävän 
rakenteensa ansiosta sen koostumusta on mahdollista muuttaa vastaamaan haluttua 
sovellusta. Tämä väitöskirja käsittelee hektoriittipohjaisia materiaaleja, jotka on 
suunniteltu toimimaan isäntähilana optisesti aktiivisille ioneille. Koska tavallinen 
hektoriitti sisältää rakenteessaan OH- ioneja, se ei ole optimaalinen materiaali 
luminesenssisovelluksiin, koska hydroksyyli-ioni voi johtaa luminesenssin 
sammumiseen monivärähdysprosessin kautta. Tästä syystä tässä väitöskirjassa käsitellyt 
nanokokoiset savimateriaalit syntetisoitiin käyttäen hektoriitin perusrakennetta, mutta 
sen hydroksyyli-ionit korvattiin halogeeneillä, jolloin muodostuu fluoro- (F-Hec)-, 
kloro- (Cl-Hec)-, bromo- (Br-Hec)- ja jodohektoriitti (I-Hec). Lisäksi tämä tutkimus on 
ensimmäinen laatuaan Cl-Hec-, Br-Hec- ja I-Hec-materiaalien synteesissä.  
Halogeenihektoriittimateriaalien (X-Hec) kiderakenne on samankaltainen kuin 
nanokiteisen fluorohektoriitin, jossa d001-etäisyys on 14,30 Å ja kiteiden koko on 
nanomittakaavassa. Kaikki X-Hec:t käyttäytyvät kuten mesohuokoiset materiaalit ja 
niiden ominaispinta-ala on 240 - 540 m2g-1. Ne osoittautuivat myös termisesti stabiileiksi 
jopa 750 °C asti. Kaikki tämän tutkimuksen X-Hec-materiaalit (seostamattomat) 
tuottavat sinivihreää emissiota virityksen tapahtuessa UV-säteilyllä ja lyhyen 
viivästyneen luminesenssin (noin 5 s). Nämä luminesenssipiirteet ovat peräisin 
pitoisuudeltaan ppm-luokan Ti3+-epäpuhtaudesta, joka toimii luminesenssikeskuksena 
näissä materiaaleissa. Lisäksi X-Hec-materiaalit osoittautuivat sopiviksi isäntähiloiksi 
harvinaisille maametalli-ioneille (RE3+) seostettaessa Cl-Hec- ja F-Hec-materiaaleja 
Eu3+/ Tb3+: lla, mikä tuotti punaisena ja vihreänä loistavaa materiaalia. 
11
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2D two-dimensional 
2θ Bragg’s angle 
A non degenerated energy levels 
BET Brunauer-Emmett-Teller method 
Br-Hec bromohectorite 
CCD configurational coordinate diagram 
Cl-Hec chlorohectorite 
CT charge transfer 
E twofold degenerated energy levels 
F+  anionic vacancy (color center) with double positive 
charge 
FED field-emission displays 
F-Hec fluorohectorite 
FTIR Fourier transform infrared 
FWHM full width at half maximum 
H0 central field term 
He-e electron-electron repulsion interaction term 
HSO spin-orbit coupling term 
ICP-MS inductively coupled plasma mass spectroscopy 
I-Hec iodohectorite 
J total orbital and spin angular momentum 
L orbital angular momentum quantum number 
LEDs light emitting diodes 
LMCT ligand-metal charge transfer 
MAS NMR magic angle spinning nuclear magnetic resonance 
ppm parts per million 
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RE rare earth 
RGB additive color model based on red, green and blue 
RT room temperature 
S spin quantum number 
SSA specific surface area 
STEM scanning transmission electron microscope 
T threefold degenerated energy levels 
T:O tetrahedral:octahedral type of clay minerals’ layer 
structure 
T:O:T tetrahedral:octahedral:tetrahedral type of clay minerals’ 
layer structure 
TGA-DSC simultaneous thermogravimetry and differential scanning 
calorimetry 
TL thermoluminescence 
TMS tetramethylsilane  
UV ultraviolet 
VCF non-spherical crystal field term 
VO
• oxygen vacancy occupied with one electron 
VO
•• empty oxygen vacancy 
X-Hec halogen-hectorites 
XPD X-ray powder diffraction 
XPS X-ray photoelectron spectroscopy 
XRF X-ray fluorescence 
Δ crystal field strength 
τ luminescence lifetime 
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The luminescence phenomena such as aurora borealis as atmospheric 
glow or in the bioluminescence of certain living organisms, for instance the 
firefly, glowworm, phosphorescent wood and flesh or “burning of the sea” have 
been a part of nature for a very long time. The first man-made luminescent 
material known as the Bolognian stone was discovered in the 1600s, but the term 
“luminescenz” was created later, in 1888, by Eilhardt Wiedemann who had 
described it as “all those phenomena of light which are not solely conditioned by 
the rise in temperature” [1]. Nowadays, luminescence phenomena play an 
important technological role for the humankind, since it is used in several 
applications such as light emitting diode (LED) materials and devices, television 
screens and plasma panels, fluorescent lamps, signalization, bioimaging etc. 
[2,3]. Therefore, luminescence is a continuous research subject in several fields, 
aiming at the development of new materials and devices. 
A luminescent material is characterized by emission of electromagnetic 
radiation after energy absorption [3,4]. The luminescence excitation can be 
categorized according to the types of excitation source, e.g. UV and visible 
radiation (photoluminescence), beam of energetic electrons 
(cathodoluminescence), X-rays (X-ray excited luminescence), heating 
(thermoluminescence), etc. [2,4]. A luminescent system consists of at least a host 
lattice and a luminescent center (or activator) with both components having equal 
importance: even the best luminescent centers cannot show luminescence 
emission without a suitable electronic structure and/or lattice vibration energies 
of the host lattice [5]. New luminescent materials are created through the 
development of dopant species (activator ions) and/or appropriate host lattices, 
but because the host lattice is the majoritarian component of a luminescent 
system, it also normally represents most of the production cost. For this reason 
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the research discussed in the current thesis has been focused on the development 
of new materials to act as host lattices for optically active species, generating 
novel and low-cost luminescent materials. 
Clay minerals represent a broad groups of materials commonly used as 
host lattices for optically active species (either inorganic or organic species) due 
to their low cost, abundance and versatile structure [6,7]. Among this wide class 
of minerals, the synthetic hectorite is an attractive candidate for a host lattice 
because of its thermal, chemical and mechanical stability [8]. Moreover, high 
amounts of hectorite can be synthesized at low costs due to is formation at 
temperatures and pressures close to normal temperature and pressure (NTP) 
conditions [9]. However, when luminescence applications are intended, the 
hydroxyl groups present in the hectorite’ structure may represent a barrier 
because the high energy phonons of the OH- ions (3500 cm-1) may lead to 
luminescence quenching by multiphonon de-excitation [5].  
Therefore, the current work has focused in developing synthetic clay 
materials based on the hectorite structure, but re-designing its structure by 
replacing its hydroxyl groups with halogens (F, Cl, Br, I) [I - IV]. These synthetic 
halogen-hectorites (X-Hec) have shown a strong blue/green emission without 
additional doping due to a Ti3+ impurity in their structure acting as luminescent 
center. This thesis discusses several advantageous physical and chemical features 
present in the X-Hec materials, as well as the effect of the strength of the π-donor 
ligands (the halogens) on the luminescence properties of the materials. Moreover, 
from the best of the author’s knowledge, the research presented here is first of its 
kind regarding the synthesis of the chlorohectorite (Cl-Hec) [II], bromohectorite 
(Br-Hec) and iodohectorite (I-Hec) nano-clay materials [IV]. Furthermore, some 
of the materials were doped with Eu3+ and/or Tb3+ generating red- and green 
emitting nano-clay materials, thus confirming the capability of the X-Hec to host 
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optically active species and demystifying the necessity of an “antenna” 
compound to produce luminescent materials from clay materials doped with rare 
earth (RE) ions [III].  
 
1.1. Aims of the experimental work 
The main aims of the research were the following: 
 To synthesize new materials based on the hectorite structure but 
replacing its hydroxyl groups by halogens (Publications I-IV).  
 To evaluate the potential of the new clay minerals synthesized to act 
as host lattices for optically active species (Publications I-IV). 
 To dope some of the new matrices with RE3+ ions generating new 
luminescent materials (Publication III). 
 To characterize the physical and chemical features of all synthesized 
materials by using different techniques (Publications I-IV). 
 To study the luminescence properties of the materials and to elucidate 




2.1. Basic requirements for photoluminescence 
The photoluminescence phenomenon can be defined as the emission of 
light by a certain material after it has absorbed a photon of higher energy [10]. A 
basic photoluminescent material must possess, at least, two components: the host 
lattice and the luminescent center (also called activator) [5]. When the electrons 
of the luminescent center are promoted to excited states, their radiative return to 
the ground state may emit light (Figure 1, left), i.e. luminescence, which can 
occur through different mechanisms. Even though all kinds of compounds can be 
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promoted to the excited state by energy absorption, not all of them show 
luminescence, because the radiative emission competes with the nonradiative 
return to the ground state. Therefore, in order to obtain efficient luminescent 
materials this nonradiative process should be suppressed and the radiative returns 
should dominate [5]. The nonradiative process contributes to heat the host lattice 
by exciting its vibrations [4]. When the exciting radiation is not absorbed directly 
by the luminescent center, a more complex system is required: for instance, 
another ion (named sensitizer) may absorb the exciting radiation and transfer it 
to the activator (Figure 1, right) [5]. 
 
Figure 1.  The energy level scheme of a general luminescent center (left), and the 
scheme of energy transfer from a sensitizer to the luminescent center (right). In 
the schemes, A is the luminescent center (activator), λexc  is the excitation 
wavelength, S is the sensitizer, E.T. is energy transfer, R repres ent the radiative 
return and NR the nonradiative return to the ground state (adapted from [5]). 
 
A given luminescent center usually has its optical properties influenced 
by the host lattice, since the surroundings of the activator are changed 
accordingly. Therefore, the spectral properties of a given ion in different host 
lattices can be attributed to some main factors [5]. Typically, the host lattice 
should have a wide enough band gap (not to absorb the emitted radiation) and a 
rigid structure. A rigid structure is required to avoid an easy excitation of the 
lattice vibrations, because they can lead to non-radiative relaxation, which 
decreases the efficiency of the luminescence. Besides, the host lattice cations and 
18
anions should not have energy levels which could interfere in the radiative 
emission [11]. The covalency degree of the bonds between the activator ion and 
the host lattice also affects the luminescence features of the material: the increase 
of covalency decreases the interactions between the electrons since they are 
shared among wider orbitals, shifting the energy of the electronic transitions to 
lower energy, which is called the nephelauxetic effect. The crystal field provided 
by the host lattice also influences the optical properties of the activator, since the 
strength of the crystal field determines the spectral positions of certain optical 
transitions. Moreover, if the host lattice offers an inhomogeneous symmetry to 
the surroundings of the activator, i.e. if the activator occupies different sites (with 
almost identical symmetry) in the host lattice, it will generate a broadening of the 
spectral bands due to lack of translational symmetry [5]. 
Some basic features are also desirable from the luminescent center: it 
needs to be optically active and capable of absorbing energy without dissipating 
it before the radiative emission [3]. When a solid luminescent material is obtained 
through the doping of the host lattice with the desirable activator, it is also 
necessary to consider the solubility, mobility and charge of the activator [11]. In 
order to obtain a homogeneous solid solution, the following criteria need to be 
met: (i) the difference between the radii of the doped ions and the replaced ones 
should not exceed 15 % (to avoid phase segregation), (ii) the doped and replaced 
ions should have similar charges (to avoid need for charge compensation), and 
(iii) the structures of the host lattice and a material where the intended dopant has 
a 100 % occupancy in its intended site should be similar [11,12]. Furthermore, 
the host must be carefully matched to the luminescent center due to the effect of 
crystal phonon energy branches on the localized modes of the activator [3]. 
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2.2. Absorption of excitation energy 
The radiative emission by a given material is conditioned to the 
appropriate absorption of the exciting energy. The electronic transitions from the 
ground to the excited state not always occur as an optical transition. The 
occurrence of the optical transitions is governed by selection rules, which the two 
main rules are: (i) transitions between levels with different spin levels are 
forbidden (ΔS ≠ 0), and (ii) transitions between levels with the same parity are 
forbidden [5]. 
Usually, there is a strong correlation between the absorption and 
excitation spectra of a luminescent material; in both measurements it is possible 
to get information about the absorption of the exciting energy, since it can occur 
through the host lattice, the sensitizer or the activator itself [13]. Several 
processes may promote the optical absorption of visible or ultraviolet radiation. 
However, since the current thesis is focused on materials based on clay minerals, 
only the electronic transitions fundamentally important for luminescent minerals 
[4] are listed below: 
 d‒d or f‒f electronic transitions of transition metals or RE ions: Here, the 
energy levels of an ion with a partially filled d- or f-electron shell depend 
of the symmetry provided by the host lattice, which influences the 
splitting of the levels. The intensities of d-d and f-f absorption bands may 
vary according to the concentration of the absorbing ion, and by a 
combination of the symmetry at the surroundings of the activator with 
quantum mechanic selection rules.  
 Metal to metal charge-transfer (CT) between transition metal ions with 
different valence states. It refers to the absorption by electronic 
transference via a photon as input of energy, which is typical of ions 
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capable of adopting multiple valence states, e.g. Fe2+ and Fe3+ or Ti3+ and 
TiIV. 
 Ligand to metal CT (interband transition). It occurs when the ligand 
transfers electron density to the metal cation. This absorption mechanism 
is typically observed in oxides, due to oxygen (O2
‒) to metal CT which 
are, usually, related to electronic delocalization or photoexcitation of an 
electron into the conduction band. 
 Radiation induced centers originated from natural sources, for example, 
the electron-hole centers induced by ionizing radiation of green 
diamonds.   
Even though the absorption spectrum may display several pieces of 
information regarding the energy levels of a given material, the excitation 
spectrum is a more specific measurement to indicate the absorptions of exciting 
energy which produce luminescence, because it measures the transition from the 
specific electronic level allowing an effective study of the luminescence 
mechanism [4]. 
 
2.3. Luminescence emission: the radiative transitions 
The luminescence emission is by definition the radiative return to the 
ground state. However, there are many other possibilities of returning to the 
ground state besides the radiative return. The competitive processes are mainly 
the nonradiative returns such as multiphonon relaxation or cross-relaxation. 
Besides, the radiative transfer to another ion also represents a competitive process 
[13]. The radiative return can occur either with the absorption and emission 
processes within the same luminescent center or influenced by the host lattice 
[14]. Therefore, luminescence in inorganic materials (including minerals) can 
occur through different types of absorption/emission mechanisms, affected by the 
21
energy level structure in such materials. These energy levels comprise those of 
the host lattice (band gap), dopants (activator, sensitizer), impurities (optical 
centers) and structural defects (energy traps) (Figure 2) [11].  
 
Figure 2. The overall representation of luminescence proc esses. Sn  represents the 
n energy levels of the sensitizer,  and An represents the activator  (A) energy levels. 
ET: energy transfer.  
 
The configurational coordinate diagram (CCD) is a useful graphical tool 
to help understanding the process of phonons emission followed by several 
radiative transitions and also the nonradiative processes. The CCD treats 
electronic energy levels as parabolic potentials with vibrational levels. The 
Figure 3 shows a CCD illustrating the mechanism of luminescence emission in a 
broad spectral band, taking the assumption that there exists an offset ΔR between 
the parabolas of the ground state (g) and the excited state (e). This shift is due to 
the metal-ligand distance R being different in the ground state than in the excited 
state. The exciting radiation reaches the luminescent center promoting its 
electrons from the ground energy state to the high vibrational level of the excited 
state. Thereafter, the center relaxes nonradiatively to the lowest vibrational level 
of the excited state by releasing excess of energy to the surroundings. 
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Subsequently, the electron returns to the ground state either by means of photon 
emission (radiative return), or through heat release (nonradiative return) [13]. 
The difference on the R scale between the minimum of the (lowest) excited state 
parabola and that of the ground state one affects both the width of the emission 
band as well as the Stokes shift, i.e. the energy difference between the absorption 
and emission maxima [5]. The radiative energy transfer process would compete 
with the radiative relaxation only if the emission band of the donor coincides with 
the absorption band of the acceptor [13]. 
Such type of broad band exemplified above is characteristic of several 
optical transitions such as (i) d→d transitions in the partly filled d-shell of 
transition metal ions, (ii) d→f transitions in RE ions, and (iii) s2 type ions. Sharp 
emission bands are observed when the chemical bonding character is (almost) the 
same in the excited and ground states, or when the electronic transitions hardly 
participate in the chemical bonding (for example f→f transitions in RE ions). 
When the electronic states involved in the optical process participate in the 
chemical bonding, two main features play important role on the emission: the 
nature of the bonding (ionic, covalent) and the symmetry of the site where the 
luminescent center is localized. When these features have to be evaluated, the 
ligand field theory can be used to obtain a general description of the system [15].  
The intensity of the emission can be evaluated through the lifetime of the 
excited state. Allowed transitions have short lifetimes (10-7 – 10-8 s), while solids 
with strongly forbidden transitions have longer lifetimes (few 10-3 s). In a system 
with two energy levels (as the one illustrated in the Figure 3), the population of 
the excited state at a given time t(Ne(t)) can be expressed through Eq. 1: 
 
𝑁𝑒(𝑡) = 𝑁𝑒(0)𝑒
−𝑡 𝜏𝑅⁄                                                                                                    (1) 
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Where, Ne(0) is the initial number of ions in the excited state and τR is the 
radiative decay time (i.e. the time when the population has decreased to 1/e) [5]. 
A plot of the logarithm of the emission intensity versus time results in a 
linear curve when only one type of luminescent center is involved. In such cases 
the luminescence lifetime (τ) is obtained by plotting the experimental data as an 
exponential function (l(t) = kexp(-t/τ)). When more than one type of luminescent 
centers are involved or the same luminescent center is occupying different sites 
in the host lattice, this linear curve cannot be obtained and more components have 
to be considered in the exponential fitting [5,16]. The lifetime can be used as 
parameter to classify the photoluminescence phenomena into two different 
terminologies: fluorescence (τ= 10-9 – 10-3 s, i.e. allowed transitions) and 
phosphorescence (τ= 10-3 – 100 s, i.e. forbidden transitions) [15]. However, this 
classification is commonly not used in the context of inorganic luminescent 
materials, because the definition of allowed and forbidden is often not 
straightforward. 
 
Figure 3 . The configurational coordinate diagram in a broad emission band : g 
represents the ground state and e the excited state .  
 
24
2.4. Nonradiative transitions 
The energy absorbed by a certain material can be reemitted as radiation 
(luminescence) or dissipated to the crystal lattice (nonradiative processes). 
Efficient luminescence usually requires the suppression of the nonradiative 
routes, but some nonradiative processes can be used to enhance the luminescence 
efficiency [5,13]. 
Figure 4 shows CCDs representing the physical processes of nonradiative 
transitions in an isolated luminescence center. Figure 4a represents the cases with 
ΔR > 0 between the excited state and the ground state. If the temperature is 
sufficiently high, the electrons from the excited state may reach the crossing of 
the parabolas, and through the crossing, the electrons return to the ground state 
in a nonradiative manner, releasing the energy as heat to the lattice [11,13,16]. 
Figure 4b exemplifies the case when ΔR = 0, i.e., the parabola of the 
ground and excited state are parallel. In this case, there are usually no 
intersections between the ground and excited state parabolas, but nonradiative 
relaxation is still possible. That is, if the energy difference between the excited 
and ground states is equal or less than four to five times the higher vibrational 
frequency of the surrounding, multiple phonons may relax the excitation instead 
of a radiative emission. This process is called multiphonon de-excitation [13]. 
Figure 4c illustrates the case when radiative and nonradiative processes 
are, both, probable. There are two excited states: one with the same configuration 
of the ground state (parallel parabolas represented with solid lines) and other 
belonging from a different configuration (dashed line). The transition from the 
ground state to the lower excited state (solid line) is forbidden but allowed to the 
upper excited state (dashed line). Therefore, the absorption occurs in the upper 
excited state from where the energy is transferred nonradiatively to the lower 
excited state. Subsequently, the emission occurs radiatively [5,13]. This is an 
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example of the possibility that nonradiative processes can generate luminescence 
indirectly [13]. 
 
Figure 4.  CCD representing nonradiative trans itions.  
 
2.5. Some examples of luminescent centers 
2.5.1. Titanium (Ti3+ and TiIV) 
The first successful material with titanium as luminescent center was 
demonstrated by Peter F. Moulton in 1982 with the Ti3+-doped sapphire 
(Al2O3:Ti
3+), used as tunable solid-state laser in the red-NIR range [17]. Since 
then, the necessity of wide-range tunable lasers has stimulated researches focused 
on new host lattices for Ti3+ [18]. Besides the usage for laser development, the 
role of titanium has been proven as luminescent center generating red or blue-
green emission in some minerals such as titanite (CaTiSiO5) [4,19], benitoite 
(BaTiSi3O9) [20] or other titanium bearing minerals [4]. Based on these features, 
several researches had developed luminescent materials with Ti3+/IV as activator 
ions to produce optical fibers [21] or other lighting/optical applications [22–31]. 
Also Ti2+ has been reported as a NIR emitter in some halides, but the emission is 
very easily thermally quenched below room temperature [4]. Therefore, it is not 
considered further in this thesis. 
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Titanium is a transition metal with an incompletely filled d shell, whose 
electronic configuration is [Ar] 3d2 4s2. Therefore, its trivalent and tetravalent 
ions have a 3d1 and 3d0 electron configuration, respectively. The oxide materials 
doped with titanium have their optical features defined by the presence of Ti3+, 
TiIV and Ti3+-Ti4+ pairs [26,29]. The comprehension of the role of the Ti3+/IV ions 
as luminescent centers requires knowledge from the energy levels originating 
from their electronic configurations. Therefore, the next two sections explain the 
absorption and emission of radiation processes for 3d1 and 3d0 ions. 
 
2.5.1.1. Luminescent centers with d1 configuration 
The energy levels arising from the dn (0 < n < 10) configuration of 
transition metals have been calculated by Tanabe and Sugano considering the 
mutual interaction between the d electrons and the crystal field around them. 
Figure 5 shows the results for the d1 configuration, which has the simplest energy 
level diagram of the ions with the dn configuration. In the case of a free ion, the 
d1 configuration is represented by the symbol 2D. When the ligands are added 
around the d1 ion (generating the octahedral geometry in this case), the energy 
levels are no longer degenerated and the crystal field strength is higher than 0. 
The ground energy level is considered to be at zero energy and thus it coincides 
with the x-axis. When the free ion is considered, the levels are marked 2S+1L, 
where S is the total spin quantum number, and L the total orbital angular 
momentum. The degeneracy of these levels is 2L+1, which is affected by the 
crystal field. The energy levels originating from the crystal field are marked 
2S+1X, where X may be A, E and T if the levels have no degeneracy, twofold 
degeneracy and threefold degeneracy, respectively [5]. 
In the case of d1 configuration ions (Figure 5), the free ion displays 
fivefold orbital degeneracy (2D). When the six ligands are added generating the 
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octahedral symmetry, these degenerated orbitals split into two energy levels (2E 
and 2T). Thus, in octahedral d1 ions the optical absorption process occurs due to 
electronic transitions from 2T2 to 
2E, and the crystal field value is obtained from 
the energy difference between these two levels. The energy of the 2T2→
2E 
transition is strongly affected by the strength of the crystal field (Δ). In general, 
trivalent metal ions have Δ values of about 20000 cm-1, thus showing the 
respective optical transition in the visible spectral region, which causes materials 
with these ions to be colored [5].  
Since the 2T2→
2E transition occurs between levels of the d shell, it is a 
forbidden transition because the parity does not change. As long as this type of 
transition is involved, the material does not show intense colors. However, the 
parity selection rule is relaxed through the coupling of the electronic transition 
with vibrations of suitable symmetry. Thus, the emission of d1 ions in an 
octahedral symmetry will occur due to 2E→2T2 radiative transitions. The 
titanium-sapphire laser is based on the broad emission band of Ti3+ in the near 
infrared due to this transition [5]. The d1 ions most known as luminescent centers 
are Cr5+, V4+, Mn6+ and Ti3+ [4]. Due to the fact that the 2E→2T2 transition is 
strongly affected by the crystal field strength, its emission color varies according 
to the environment surrounding the sites where the d1 ions reside [4,5]. 
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Figure 5. The Tanabe-Sugano diagram showing the energy levels of a d 1 
configuration in function of the octahedral crystal field ( Δ).  2D represents the level 
of a free d1 ion.  
 
Another good example of a d1 ion as a luminescent center is the blue 
phosphor ZrO2:Ti [27,32–34]. In ZrO2, the titanium centers were first identified 
as impurities [34], and after that several studies have been carried out 
investigating the doping of zirconia with different concentrations of titanium 
[27,32–34]. It was noticed that anion vacancies are produced from the 
replacement of one ZrIV by two Ti3+ ions, increasing the intensity and lifetime of 
the blue photoluminescence. The ZrO2:Ti materials present broad bands in their 
excitation and emission spectra with maxima at ca. 280 and 475 nm, respectively. 
This blue emission is attributed to the eg→t2g transition of Ti
3+ in an octahedral 
site. This is also the model used to explain the blue emission of the halogen-
hectorites materials discussed in the current thesis [I-IV]. The ZrO2:Ti materials 
show also persistent luminescence due to the photoionization of Ti3+ centers and 
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the trapping of energy to oxygen vacancies and its slow release (Figure 6) [27,32–
34].  
 
Figure 6. The proposed mechanism for the persistent luminescence of the zirconia 
doped with Ti3 + [27].  
 
A similar blue emission involving Ti3+ has been observed also in silicate 
matrices such as hackmanite (Na8Al6Si6O24(Cl,S)2) through broad excitation and 
emission bands peaking at ca. 310 and 460 nm, respectively. The blue emission 
of hackmanite has been explained by a model with Ti3+ in a tetrahedral site 
forming a pair with an oxygen vacancy. Hackmanite shows also persistent 
luminescence, which is explained to have a mechanism similar to that in ZrO2:Ti. 
It has been proposed that an electron is transferred to the conduction band, and 
subsequently the electron is captured by a half-filled oxygen vacancy (VO
•) 
producing a completely filled oxygen vacancy (VO
••). The radiative return yields 
emission in the blue region [30,31]. The proposed mechanism for the persistent 
luminescence of Ti3+ impurities into synthetic hackmanites is shown in the Figure 
7. The Ti3+ emissions in BaTiO3 thin films [23], TiO2 nanocrystals [22] and 
30
TiO2:Tb
3+ nanophosphors (Figure 8) [22] have been explained by emission 
between Ti3+ and defect energy levels. 
 
Figure 7 . The schematic illustration of the persistent luminescence mechanism of 
Ti3+ impurities in synthetic hackmanites [31].  
 
Figure 8.  The energy level diagram of TiO 2:Tb3 + [22]. 
31
 
On the other hand, several other matrices doped with titanium present 
intense red or near infrared emissions assigned to the 2Eg→
2T2g transitions of Ti
3+ 
as it is seen for Ti-doped low-silica calcium aluminosilicate glass [28,29], Ti3+-
doped silicate, borate and phosphate glasses [26], and thin films of AIN doped 
with Ti3+ deposited on Si substrates and optical fibers [21]. 
 
2.5.1.2. Luminescent centers with d0 configuration 
 Transition metals with the d0 configuration, i.e. with a formally empty d 
shell, absorb the exciting radiation via charge transfer transitions from 
surrounding anions (i.e. oxygen in oxidic materials) to the d0 ion. Thus, they show 
strong and broad excitation bands in the UV region. The spectral position of the 
generated excitation band depends on a few factors: (i) the nature and number of 
ligands, (ii) the ionization potential of the d1→d0 ionization, and (iii) the mutual 
interaction between ions in the lattice. The respective emission is commonly 
observed as an intense broad band with a large Stokes shift (1000 – 20000 cm-1). 
The amount of charge being transferred is usually small, but a considerable 
amount of electronic reorganization occurs, when electrons are raised from the 
bonding orbitals of the ground state to the antibonding ones in the excited state. 
The lifetime of these emissions can be quite long (e.g., 100 – 33500 μs), being 
longer for lighter d0 ions. It has been proposed by Van der Waals that the emission 
state of the d0 ions are a spin triplet, and thus it is strongly distorted due to the 
Jahn-Teller effect. Octahedral complexes of d0 ions have smaller Stokes shift 
than the tetrahedral ones. Besides, the structural configuration may be related 
with the luminescence efficiency: complexes of edge or face sharing octahedral 
or complexes with short metal-oxygen ligands tend to present higher emission 
efficiency [5].  
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For minerals, the most important examples of luminescent centers with 




8- [4]. In the case of the 
benitoite structure (BaTiSi3O9), it shows blue luminescence with a broad 
emission band at ca. 420 nm (half-width of ca. 80 nm) and a lifetime of 2.6 μs. 
This blue emission has been associated to TiO6
8-, TiO4
4- and TiO5
6- species with 
the absorption bands being due to the 1A1g→
1T1u as well as 
1A1g→
1T2u transitions 
and the emission band due to the 3T1u→
1A1g transition (Figure 9) [4,20]. Other 
luminescent materials that have their blue emission assigned to TiIV centers are, 
for example, silicate glasses [24], zinc spinel (ZnAl2O4:Ti) [25],  silicate, borate 
and phosphate glasses [26], and low-silica calcium aluminosilicate glass [28,29]. 
The origin of the blue emission from titanium-based centers is not fully 
agreed on in the literature. As detailed above, either TiIV or Ti3+ may be involved 
[22,30]. Therefore, when a titanium doped material is studied, it is important to 
investigate the predominant valence of titanium in order to understand the 
luminescence mechanism involved in the emission process [30].  
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Figure 9 . The energy levels of the TiO 6 luminescent center [20]. 
 
2.5.2. The rare earth ions (4fn) 
The general electron configuration of rare earths is [Xe]4fn5d16s2, i.e. 
they comprise incompletely filled 4f shells. In this configuration, the 4f shells are 
shielded by outer filled 5s and 5p orbitals as well as electrons on the 5d and 6s 
orbitals. Because of the shielding, the host lattice has only a minor, yet important, 
influence on the optical transitions resulting from the 4fn configuration [5]. The 
shield of the 5s and 5p orbitals gives a stable electronic configuration to the rare 
earths while the electrons on the 5d and 6s shells are easily removed. Thus, the 
rare earths tend to form trivalent ions with low reduction potential and 
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electronegativity in order to keep this stable configuration. Besides, in the 
majority of RE ions, the fourth ionization energy is higher than the three first 
ionization energies, which culminates into high stability of RE3+ ions regarding 
to the oxidation state. This shielded configuration also leads to a low covalence 
for the formed chemical bonds. Thus the interaction between RE3+ with the 
ligands present mainly ionic and ionic-dipole character, with a behavior typical 
of hard acids (Person HSAB classification [35]). Therefore, high similarities are 
found in the chemical features of different RE3+ ions and their spectroscopic 
properties are also related to this shielding effect which causes the well-defined 
and characteristic energy levels for the RE3+ ions [36]. 
The energy levels of free RE3+ ions are first influenced by the central field 
(H0), which can be taken as the hydrogenoid fraction of the level approximation. 
Since the H0 term is defined by radial contributions, it represents a totally 
isotropic spherical symmetry where the 4f energy levels keep their degeneracy 
(Figure 10). When multielectronic systems are considered, the interelectronic 
repulsion interactions (He-e) remove the degeneracy of the 4f configuration, 
resulting into lower energies for low multiplicity (2S+1)L levels which are 
separated from higher energy levels by ca. 104 cm-1. Then, these levels are 
affected by the spin-orbit coupling term (HSO) causing the 
(2S+1)L levels to lose 
the degeneracy regarding their 2S+1 components of total angular momentum. 
This gives rise to an energy separation of 103 cm-1 within the (2S+1)LJ levels 
(Figure 10). Finally, when the symmetry decreases due to a non-spherical crystal 
field (VCF), this promotes a degeneracy loss of the 
(2S+1)LJ levels. These are split 
into a maximum of 2J+1 Stark components associated with the crystal field 




Figure 10.  Scheme of the splitting of the e nergy levels in the 4f n electronic 
configuration [36].  
 
Because the strength or symmetry of the crystal field does not affect much 
the final energies of the (2S+1)LJ levels, the energy levels originating from the 4f
n 
configuration do not suffer strong variations even when different chemical 
environments are considered. These energy levels are shown as a function of 
number of f electrons for the RE3+ ions in the Dieke diagram (Figure 11) [5,36]. 
The Dieke diagram has an empirical extension up to ca. 70 000 cm-1, however 
the theoretical calculations are able to determine these energy levels even up to 
ca. 200 000 cm-1 [36].  
The optical transitions of RE3+ ions are strongly forbidden due to the 
parity selection rule, and thus most of the rare earth oxides (RE2O3) present a 
white body color. The relaxation of the parity selection rule occurs, if the RE3+ 
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ion occupies a site without inversion symmetry. In such case, uneven components 
of the crystal field mix a small amount of opposite-parity wave functions (e.g. 
5d) into the 4f wave functions, which makes the intraconfigurational 4fn 
transitions more allowed. This results into an intensity gain. Due to the shielding 
effect, the 4fn levels appear as parallel parabolas (ΔR= 0) in the CCD, and 
consequently the respective emissions appear as sharp lines in the spectra.  The 
allowed optical transitions for rare earth ions are interconfigurational, consisting 
mainly of two different types: (i) CT transitions (4fnL  4fn+1L-1, where L is the 
ligand), and (ii) 4fn5d0  4fn-15d1 transitions. Both of them have ΔR ≠ 0, and thus 
they are observed as broad absorption (i and ii) and emission (ii) bands [5]. In 
general, REn+ ions which are easily reduced have their absorption process 
attributed to CT transitions. Oppositely, easily oxidable REn+ ions have their 




Figure 11.  The Dieke diagram showing the energy levels of the 4f n configurations 
of RE3 + [36].  
 
2.5.2.1. Trivalent europium (Eu3+) 
The electronic configuration of trivalent europium is [Xe]4f6, and usually 
Eu3+ has its main emission in the red region of the spectrum. The emission lines 
originating from Eu3+ are assigned to transitions from the excited 5D0 level to the 
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7FJ (J = 0-6) levels. Since the 
5D0 level of Eu
3+ has J= 0 (i.e. its energy level is 
determined by the central field) it will not be split by the crystal field. Thus, the 
splitting of the emission transitions originates from the crystal-field splitting of 
the 7FJ levels. Additionally, emission lines belonging to higher 
5D levels (i.e. 5D1, 
5D2 or 
5D3) are also frequently observed [5,36]. 
The 5D0→
7FJ electronic transitions are of fundamental importance in the 
operation of several optical devices. Furthermore, they play an important role in 
the body of investigations considering the spectral features of the 4f-4f transitions 
of RE3+ ions [36]. Since the 5D0 emitting level is non-degenerate and the final J 
values are low (ranging from 0 to 6), they show peculiar unfolding features 
affected by the site symmetry. Moreover, the emission spectra are simple enough 
to allow the identification of  the local symmetry around Eu3+ [36,37]. Regarding 
the use as a structural probe, the following characteristics can be associated to 
the 5D0→
7FJ transitions [5,36,37]: 
 In general, the 5D0→7F0 transition shows one signal related to each 
chemical environment occupied by the Eu3+ ions. However, the presence 
of this signal depends on both the site symmetry, which determines 
signal’s activity, and the extent of J-mixing, which determines its 
intensity. 
 The intensity of the 5D0→7F1 transition is almost independent of the 
chemical environment, because it is due to a magnetic dipole mechanism. 
This transition can be used as an internal intensity reference for the other 
transitions of Eu3+. 
 The 5D0→7F2 transition is hypersensitive to the site symmetry. 
Consequently, it is suppressed in in inversion symmetry. This transition 
is the main cause for the Eu3+ red emission. 
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7F1), where I is the signal intensity.  
There are several commercially important materials developed based on 
the emission of Eu3+. For example Y2O3:Eu
3+, Y2O2S:Eu
3+ have been used as the 
red RGB component in fluorescent tubes and television screens [5]. Eu3+-doped 
materials also play an important role in biomedical applications [38]: e.g. Eu3+ 
complexes based on functionalized triazacyclonane can be used for applications 
in bioassays and cellular optical imaging [39], Eu3+-activated 
NaGdF4:Tb/Tm@NaGdF4:Eu@NaEuF4 core-shell-shell nanoparticles can be 
used for in vitro tumor marker detection and tumor-targeted imaging [40], and 
hydroxyapatite co-doped with Eu3+/Gd3+ can be applied for bioimaging in vivo 
[41]. Other interesting materials include BaLa2WO7:Eu
3+ and 
BaLa2WO7:Eu
3+,Bi3+ phosphors that can be used in the production of red LEDs 
and field-emission displays (FED), respectively [42]. Red LEDs can also 
obtained from Y2WO6:Eu
3+ nanophosphors [43]. 
 
2.5.2.2. Trivalent terbium (Tb3+) 
The electric configuration of the trivalent terbium is [Xe]4f8. The 
excitation spectra of Tb3+ commonly have a broad band from 220 to 300 nm due 
to the 4f8-4f75d1 transition, and its emission is observed mainly in the green 
region of the spectra. This green emission is associated to the 5D4→
7FJ 
transitions. Among these transitions originating from the 5D4 level, the 
5D4→
7F5 
one has the highest probability among the electric-dipole and magnetic-dipole 
transitions. Consequently, it usually presents the strongest intensity (at ca. 550 
nm) when the Tb3+ concentration is high. Moreover, blue emission can be 
observed due to the 5D3→
7FJ transitions. The increase of Tb
3+ concentration 
decreases the intensity of the emission arising from the 5D3 levels due to cross-
40
relaxation. The ratio between the intensities of the emissions from 5D3 to that 
from 5D4 depends on the Tb concentration and the host lattice. Because of the 
high J values of the levels involved in the transitions, the crystal field splits the 
energy levels into many sublevels. Therefore, the emission spectrum of Tb3+ can 
have a complicated appearance [4,5].  
The emission produced by Tb3+ ions is used or studied for use in materials 
with different purposes. For example, it is employed as the green RGB 
component in fluorescent tubes and television screens in host matrices such as 
(Ce,Tb)MgAl11O19, Y3Al5O12:Tb
3+ and LaOBr:Tb3+ [5]. Warm white LEDs can 
be obtained from the glass phosphor PbGeO3:PbF2:CdF2 doped with Tb
3+/Sm3+ 
[44], upconversion nanoparticles with a mesoporous coating bonded with Tb3+ 
can be used for in vitro confocal imaging [45], and near-UV white LEDs can be 
produced from Sr3La(PO4)3:Tb
3+ phosphors [46]. 
 
2.5.3. Twofold-coordinated silicon centers 
Oxidic silicon materials have been reported to show a blue and UV 
luminescence due to defects originating from localized states in the SiO2 
structure. This defect has been suggested to be a twofold-coordinated silicon 
center, i.e. (SiO2)
2- (Figure 12 (a)). The localized states are a fundamental 
characteristic of materials with only short-range structural order. When 
disordered structures are considered, their localized states are traps (i.e., defects) 
for which there is no transport either by charge carriers or energy, even if the 
concentration of these traps is usually comparable with the concentration of the 
main atoms of the material [47]. 
Literature shows several studies where (SiO2)
2- centers have been 
attributed to be the origin of luminescence in silicates. These include amorphous 
silica (silicon dioxide glass) [47–49], bulk silica or thin films of SiO2 [50]. For 
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example, it has been observed that when oxygen-deficient SiO2 materials are 
exposed to UV radiation at ca. 177 or 248 nm (7 or 5 eV), intrinsic luminescence 
is observed as broad emission bands in the UV region at ca. 282 nm (4.4 eV) and 
in the blue region of the spectra at ca. 460 nm (2.7 eV) [47,48,51–53]. Sometimes, 
the blue emission of clay minerals has been attributed to the (SiO2)
2- centers as is 
the case with halloysite (Al2Si2O5(OH)4 [54], a T:O type of clay minerals 
belonging to the kaolin-serpentine group [55]). Figure 12 (b) shows a typical 
emission spectrum (λexc: 248 nm) of oxygen-deficient silicon centers.  
The twofold-coordinated silicon centers have been broadly studied by 
Skuja, who is considered the main reference in this subject [49,51,52,56–58]. 
Figure 12 (c) illustrates the luminescence mechanism proposed by Skuja for 
oxygen-deficient SiO2 luminescent centers [58]. The blue emission band at ca. 
460 nm (2.7 eV) arises from triplet-singlet (T1→S0) transitions, having the 
corresponding absorption band at ca. 394 nm (3.15 eV). However, this blue 
emission band also appears under excitation of ca. 248 nm (5 eV) due to 
conversion from the singlet to triplet (S1→T2) states (Figure 12 (b)). The broad 
UV emission band at ca. 282 nm (4.4 eV) is related to singlet-singlet (1S1→
1S0) 
transitions and it is also excited at ca. 248 nm (5 eV). The luminescence decay of 
both emission bands is well fitted by first order exponential functions, presenting 





Figure 12.  (a) Representation of a (SiO 2)2 - center among intact (SiO 4)4- units [58]; 
(b) The photoluminescence emission spectra ( λe xc : 248 nm) of silica glass with 
extra Si,  measured at different temperatures [47]; and (c) The energy levels and 
electronic transitions in (SiO2)2-  centers, where: f is the respective oscillator 
strengths, τ is the lifetime, Sn and Tn represent the singlets and triplets states, 
respectively [58].  
 
2.6. Smectites: a special class of clay minerals 
Clay-based materials have been developed and used by humans since 
Antiquity, and nowadays the clays still are an essential class of raw materials. 
They are used in many kinds of ceramics (e.g. porcelain, tile, sanitary ware and 
bricks), paints, plastics, paper, cosmetics, depolluting agents, building materials, 
rubber, oil drilling, pharmaceuticals, catalysts or catalyst supports etc. Clays are 
also known as an important component in the prebiotic synthesis of biomolecules 
since the very beginning of life on Earth. The use of clays in a broad range of 
applications is made possible by the diverse structures and properties of the clays. 
Therefore, clay-based materials are the focus of many research fields [59,60]. 
The clays and the clay minerals represent different classes of materials: 
clays are a broader class where clay minerals are included. The Association 
Internationale pour l’Etude des Argiles (AIPEA) has established definitions for 
both classes of materials. The term clay represents a “material composed 
primarily of fine-grained minerals, which is generally plastic at appropriate water 
contents and will harden when dried or fired”, whereas the term clay minerals is 
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used for “phyllosilicate minerals which impart plasticity to clay and which harden 
upon drying or firing”. Phyllosilicates are defined as sheet silicates and, apart 
from the clay minerals, they also comprise micas, serpentine, chlorite and talc. 
Clay minerals are a special (and broad) class of materials with distinct features 
different from those seen for general clay materials  [59,55].  
The structure of all clay minerals is composed of two types of polymeric 
sheets. One type has tetrahedral (T) units as the building blocks, and the second 
one is formed from octahedral (O) units (Figure 13). In the tetrahedral sheets, 
each tetrahedron consists of a silicon atom coordinated to four oxygens and these 
tetrahedra are linked to the adjacent ones through three shared corners, i.e. the 
basal oxygen atoms of the tetrahedron. This arrangement forms interconnected 
six-membered rings in an infinite hexagonal 2D pattern in the crystallographic 
ab plane. Some types of clay minerals present isomorphic substitutions in the 
tetrahedral sheets, where the cation SiIV is replaced by other cations such Al3+ or 
Fe3+ thus resulting in negatively charged tetrahedral sheets. The octahedral 
building blocks comprise a cation Mn+ (n= 1-3) coordinated to six anions (O2-, 
OH- or F-). These octahedral units are connected to each other by sharing edges, 
and this results in sheets of hexagonal or pseudo-hexagonal symmetry. The link 
between the tetrahedral sheet with the octahedral sheet is made through the apical 
oxygens of the tetrahedra which form a common plane with the octahedral anions 
[59,55]. 
The different types of clay minerals are classified to two groups based on 
the way that these sheets connect to each other, i.e. T:O and T:O:T. The T:O (or 
1:1) type is composed of one tetrahedral sheet linked to one octahedral sheet, and 
the unit cell consists of six octahedral and four tetrahedral cation sites. The T:O:T 
(or 2:1) type (Figure 14) is formed by one octahedral sheet linked between two 
tetrahedral sheets, thus presenting a unit cell composed of six octahedral sites and 
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eight tetrahedral sites. The clay minerals are called trioctahedral when all six 
octahedral sites are occupied, or dioctahedral when only four of the six octahedral 
cation sites are occupied  [59,55]. 
 
Figure 13 . Representation of the tetrahedra l and octahedral layers of clay minerals 
(adapted from [61]).  
 
The T:O type clay minerals have rigid structures with the layers 
sequentially stacked to each other with a very small interlayer space between 
them. These clay minerals are thus suitable for e.g. the production of ceramic 
materials. On the other hand, the T:O:T type materials have a much more flexible 
structure, because the layers are connected to each other through an interlayer 
space filled with hydrated cations (Figure 14) in order to compensate the negative 
charges originating from the aliovalent substitutions. Such negatively charged 
layers are regarded as one of the most important characteristics of the T:O:T type 
clay minerals due to the easy cation exchange and high absorption potential of 
interlayer space. In fact, it is in the interlayer space where the most important 
technological functionalities of the T:O:T type clay minerals originate from [59]. 
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The T:O:T type clay minerals have several subgroups, e.g., pyrophyllite-
talc, smectite, vermiculite, illite, mica, palygorskite-sepiolite, and chlorite [55]. 
Within these subgroups, the smectites (Figure 14) are the materials with the 
largest interlayer space among all clay minerals. Smectites have an easily tunable 
structure which confers several special features such as the following: 
 High specific surface area, 
 Colloidal sized particles, 
 Moderate layer charge , 
 High disorder degree of layer stacking, 
 Capacity of anion exchange, 
 Capability of intercalating several guest species in the interlayer space, 
 Large capacity of cation exchange, 
 Variable interlayer space, and 
 Ability of having an extensive interlayer swelling in water, which can 
result into the delamination of the layers under optimum conditions [59]. 
 
Figure 14.  The ideal T:O.T crystal structure of smectites (adapted from [62]). 
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The smectites are abundant in nature, but their composition varies and 
several impurities will always be present. When the aimed application does not 
require a homogeneous composition, purification processes can be used to 
remove the impurities. However, if the homogeneity of the composition matters 
for the further application, the pure phase can only be produced through a 
controllable synthesis, allowing to control the substitutions [60]. All types of 
smectites (Table 1) can be synthesized, but most of them have slow 
crystallization kinetics and thus they require a long time for synthesis (ca. 72 h). 
However, hectorites form rather easily at low temperatures and pressures (ca. 24h 
at around 100 °C and 100 kPa) [9]. Therefore, hectorites, together with saponites, 
are also the most common authigenic clay minerals. Because of the easy 
synthesis, the materials discussed in the current thesis were synthesized based on 
the hectorite structure. 
 
Table 1 .  The most important  smectite type clay minerals [59].  
Smectite 
species: 












































2.6.1. Structure, features and applications of synthetic hectorites 
Hectorite with the common chemical formula Na0.3(Mg,Li)3Si4O10(OH)2 
has its name derived from Hector, California, USA, which is the location of the 
first finding of this clay mineral. It presents a perfect {001} cleavage, uneven 
fracture and hardness of ca. 1-2, as well as a body color ranging from white to 
brown  [63]. The crystal structure is monoclinic with space group C2/m (No. 12). 
For hydrated sodium fluorohectorite with two water layers, the unit cell 
parameters have been reported as a = 5.2432(10), b = 9.0870(18), c = 15.064(3) 
Å and  = 96.42(3)o with Z = 2 based on single-crystal X-ray diffraction [64]. 
The basic structure comprises distorted SiO4 tetrahedra and distorted 
(Mg,Li)O4F2 octahedra. The interlayer space contains distorted Na(Ow)6 
octahedra (Ow: oxygen from water molecule). The structural details are shown in 
Table 2.  
As a characteristic feature of smectites, the hectorites have a large 
interlayer space which can be extended through the insertion of large guest 
groups. Thus, typical interlayer spaces vary from 10 to 20 Å, but it is possible to 
extend up to 40 Å [9,55]. Moreover, hectorite suspensions show high 
transparency and viscosity as well as other attractive rheological features which 
enable the usage of these materials in several applications, mainly as a host or 
matrix in different systems [9]. The first synthetic method of hectorites at low 
temperatures was presented in the 1940s [65], and after that several other 
methods have been presented in the literature. These include hydrothermal 
crystallization, electrolytic attack, co-precipitation, sol-gel aging and microwave-
hydrothermal treatment [9,66]. Among the methods, the hydrothermal 
crystallization is one of the most feasible methods, requiring only such equipment 
(a reflux system) and precursors (e.g. LiF, Mg(OH)2, SiO2 and NH4OH) that are 
commonly found in chemical laboratories [9,67]. Synthetic hectorites are also 
48
produced in large industrial scale, and sold under the commercial patented name 
of Laponite® [68]. 
 
Table 2. Structural data for sodium fluorohectorite [64]. 
Atom Site Symmetry x y z Occupancy 
Na 4h C2 1/2 0.3318(12) 1/2 0.35 
Mg1 2a C2h 0 0 0 0.703(3) 
Li1 2a C2h 0 0 0 0.297(3) 
Mg2 4g C2 0 0.33361(14) 0 0.767(2) 
Li2 4g C2 0 0.33361(14) 0 0.233(3) 
Si 8j C1 0.10636(15) 0.16707(7) 0.81766(6) 1 
O1 8j C1 0.1413(3) 0.16780(17) 0.92345(13) 1 
O5 8j C1 0.3413(3) 0.24843(18) 0.77487(13) 1 
F 4i Cs -0.3542(4) 0 0.93276(15) 1 
O3 4i Cs 0.0852(5) 0 0.77472(18) 1 
Ow1 4i Cs -0.210(4) 0 0.5880(9) 1 
Ow2 8j C1 -0.134(3) 0.353(2) 0.5917(7) 0.50 
Bond Length / 
Å 
Bond Length / Å Bond Length / Å 
Na-Ow2 x2 2.244 Mg1/Li1-F x2 2.014 Si-O1             1.584 
Na-Ow2 x2 2.332        Mg1/Li1-O1 
x4           
2.096 Si-O5             1.630 
Na-Ow1 x2 2.373 Mg2/Li2-F x2 2.017 Si-O3             1.649 
  Mg2/Li2-O1 
x2                
2.083 Si-O5 1.654 
  Mg2/Li2-O1 
x2 
2.093   
 
The synthetic hectorites are the subject of many studies not only because 
of its easy synthesis, but also because they represent a complex colloidal system 
with a rich phase diagram comprising fluid, gel and glassy states [68,69]. The 
nanomaterials obtained from synthetic hectorites have been proven to be more 
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advantageous than the respective materials derived from natural hectorites, since 
the synthetic materials can be obtained with much less structural defects. 
Furthermore, the easy synthesis of hectorite allows the design of its structure 
according to the aimed application [66,68]. That is why hectorites are also 
attractive materials to act as host matrices for optically active species [70,71]. 
There are several variations of the hectorite composition. Among these 
variations, the most common one is Na0.7(Si8Mg5.5Li0.3)O20(OH)4 [69,72]. 
However, when luminescence applications are aimed, the rather high energy 
phonons of the hydroxyl groups (3500 cm-1) may lead to luminescence quenching 
due to multiphonon de-excitation [5]. Since the X-Hec materials presented in the 
current thesis were produced aiming their use as hosts lattices for optically active 
species (generating luminescent materials), they were synthesized based on the 
hectorite structure, but by replacing the OH- ions by halogens (X= F, Cl, Br, and 
I) obtaining the F-Hec [I, III], Cl-Hec [II, III], Br-Hec [IV], and I-Hec [IV] 
materials (Figure 19). Before the present work, Cl-Hec, Br-Hec and I-Hec had 
not been reported in the literature. 
Regarding to the popularity of clay minerals materials with luminescence 
properties, the literature reports luminescence for non-doped clay minerals. For 
instance, kaolinite (Al2Si2O5(OH)4) which is a T:O type of clay mineral [73–80], 
or montmorillonite (T:O:T type, belonging to the smectite group) 
((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2.nH2O) [81–84] have been explored in 
luminescence studies as such (i.e. without doping). For these materials, red and 
blue emission bands have been reported. The Figure 15 shows examples of these 
emissions in the photoluminescence spectra (λexc: 400 nm, T = 4.2 K) of pure 
montmorillonite and one modified with cetyltrimethylammonium bromide 
(CTAB) (Figure 15 (a) [84]), as well as in the cathodoluminescence spectra of 
two kaolinites with different origins (Figure 15 (b) [80]). However, in these cases 
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the origin of the emission was left unresolved. Sometimes, as mentioned above 
(Section 2.5.3), for halloysite the two-fold coordinated silicon centers have been 
suggested as the cause of emission [54]. Broader discussion about this topic is 
presented in section 5.4 of the current thesis. 
 
Figure 15.  (a) The photoluminescence spectra ( λex c:  400 nm, T = 4.2 K) of 
montmorillonite pure (1) and modified with CTAB (2) [84]; and (b)  The 
cathodoluminescence spectra of two different samples of kaolinite: KGa-1 
extracted at Washington, USA; and KGa -2 extracted from Warren, USA [80]. 
 
The literature reports the construction of luminescent materials by doping 
synthetic hectorites with organic complexes of Eu3+ [6,85,86], Tb3+ [86], or 
PbF2:Yb
3+,Er3+ [87]. Some examples of luminescence spectra of successful 
materials obtained from the doping of synthetic hectorites with Eu3+ or Tb3+ 
complexes are shown in the Figure 16. Figure 16 (a and b) shows the excitation 
and emission spectra of a complex of Tb3+ and an aromatic carboxyl-
functionalized organic salt (Bu-IL-ACC-Tb), and the hybrid material resulting 
from the intercalation of laponite (synthetic hectorite) with the Bu-IL-ACC-Tb 
complex [86]. Figure 16 (c) shows the excitation and emission spectra of hybrid 
materials obtained though the intercalation of hectorite and montmorillonite with 
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an europium (III) complex ([EuCl2(Phen)2(H2O)2]Cl.H2O) [6]. These 
luminescent materials have been employed in different applications, such as the 
production of highly photo- and thermo-stable nanocomposites [85,86], photon 
up-conversion [87], and enhanced latent fingerprint detection [6]. However, only 
one work has reported luminescent materials obtained by doping a synthetic 
hectorite through exchange reaction, but then the mineral structure of the 
hectorite was collapsed into enstatite (MgSiO3) to yield the luminescent material 
[8]. In all other reports of this nature, the RE3+ ions were incorporated into the 
hectorite structure as intercalated metal-organic complexes, using the organic 
molecules as “antennas” to enhance the radiation absorption, and thus, also the 
luminescence emission. In the present thesis work, the direct doping of hectorites 
with Eu3+ and Tb3+ ions was reported for the first time. The results are discussed 
in section 5.6. 
 
Figure 16.  (a) The excitation (λe m:  544 nm), and (b) the emission spectra (λex c:  
280 nm) of the Tb3 + complex Bu-IL-ACC-Tb (solid line) and laponite -Tb (dotted 
line) [86].  (c) The emission (λex c: 328 nm) and excitation (λe m: 617 nm) spectra of 
(i) Eu(III) complex, (ii) [Eu(Phen)2]3 +-laponite hybrid, and (iii) [Eu(Phen)2]3+-
montmorillonite hybrid [6]. 
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3.1. Synthesis of the halogen-hectorites (X-Hec) 
The X-Hec were synthesized using a hydrothermal crystallization method 
[67] with stoichiometric amounts of the reagents (except for a threefold excess 
of the respective sodium halogenate salt used in each synthesis) in a reflux system 
at 100 °C. The precursors used in the synthesis of each X-Hec are listed in the 
Table 3. The respective colloidal mixtures were kept in the reflux system for 24 
h. After ceasing the reflux, all materials were vacuum filtered and washed with 
deionized water several times, until total extinction of the excess of halogen ions 
in the filtrate liquid was reached (checked with the silver nitrate test). 
Subsequently, all X-Hec materials were dried for 12 h at 200 °C [I-IV]. Samples 
of the F-Hec and Cl-Hec materials were also dried for 30 min at 600 °C for 
characterization.  
 
Table 3.  Precursors used in the synthesis of each X -Hec material [I-IV]. 
X-Hec Precursors: Medium: 
F-Hec [I-III] 
LiF (≥ 99.98 %, Sigma-Aldrich, USA), NaF 
(≥ 99 %, J.T. Baker, USA), MgO (≥ 97 %, 
Merck, DE) and SiO2 (≥ 99.8 %, Sigma-
Aldrich, USA). 
Deionized water (neutral) 
or 
0.01 mmoldm-3 solution 
of NaOH (basic, pH= 12) 
Cl-Hec [II-III] 
LiClO4 (≥ 99.99 %, Sigma-Aldrich, USA), 
NaCl (≥ 99.5 %, J.T. Baker, USA), MgO (≥ 
97 %, Merck, DE) and SiO2 (≥ 99.8 %, 
Sigma-Aldrich, USA) 
Deionized water (neutral) 
or 
0.01 mmoldm-3 solution 
of NaOH (basic, pH= 12) 
Br-Hec [IV] 
LiBr (≥ 99 %, Sigma-Aldrich, USA), NaBr 
(≥ 99 %, J.T. Baker, USA), MgO (≥ 97 %, 
Merck, DE) and SiO2 (≥ 99.8 %, Sigma-
Aldrich, USA). 
Deionized water (neutral) 
I-Hec [IV] 
LiI (≥ 99.9 %, Fluka AG, CH), NaI (≥ 
99.5 %, Merck, DE), MgO (≥ 97 %, Merck, 
DE) and SiO2 (≥ 99.8 %, Sigma-Aldrich, 
USA). 
Deionized water (neutral) 
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3.1.1. Doping of the neutral Cl-Hec with Ti3+ 
The neutral Cl-Hec material was doped with Ti3+ in three steps. First, five 
homogeneous colloidal suspensions were generated by adding 0.1 g of neutral 
Cl-Hec into deionized water (10 cm3), while continuously stirring and heating 
(30 min @ 50 °C). Then, stoichiometric amounts of a 0.1 moldm-3 aqueous 
solution of TiCl3 (solution about 15% of TiCl3 in about 10 % of hydrochloric 
acid, Merck, DE) was added to these suspensions to obtain 0.1, 0.5, 1.0, 1.5 and 
2.0 mol-% of Ti3+ (relative to the Na+ amount in the interlayer space). The 
suspensions were stirred and heated (3 h @ 200 °C) and then vacuum filtered and 
dried (12 h @ 200 °C) [II]. 
 
3.1.2. Doping of the F-Hec and Cl-Hec with Eu3+ and/or Tb3+ 
The neutral and basic F-Hec and Cl-Hec materials were doped with Eu3+ 
and/or Tb3+ to obtain the X-Hec:Eu3+, X-Hec:Tb3+ and X-Hec:Eu3+,Tb3+ 
materials in both neutral and basic conditions. The sol-gel method of cation-
exchange was used to achieve the doping in the X-Hec structure. The same three 
steps described previously for the Ti3+ doping were followed for all Eu3+ and/or 
Tb3+ doped materials: i) the homogeneous colloidal suspensions were generated 
by adding 0.1 g of X-Hec into deionized water (10 cm3), while continuously 
stirring and heating (30 min @ 50 °C); ii)  stoichiometric amounts of 0.01 moldm-
3 aqueous solution of EuCl3.6H2O (≥ 99.9%, Sigma-Aldrich, USA) and/or 
TbCl3.6H2O (≥ 99.9%, Sigma-Aldrich, USA) were added to the suspensions to 
obtain 0.02 mol-% of Eu3+ and/or Tb3+ (relative to the Na+ amount in the 
interlayer space); and iii) the suspensions were stirred and heated (3 h @ 200 °C) 
and then vacuum filtrated and dried (12 h @ 200 °C) [III]. 
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3.2. Reference Material 
The purified natural hectorite sample was obtained from Newberry 
Hectorite Mine (San Bernardino, California, USA) [II]. 
 
3.3. Characterization 
3.3.1. Studies of phase purity 
The crystal structure and phase purity of the doped and non-doped 
X-Hec were verified with routine room temperature (RT) X-ray powder 
diffraction (XPD) measurements using a Huber G670 Guinier camera with 
an image plate detector and CuKα1 radiation ( = 1.54060 Å). The 
crystallite size was calculated using the Scherrer formula (Eqs. 2 and 3): 
 
𝐷 = 0.9𝜆 𝛽𝑐𝑜𝑠𝜃⁄                                                                                                           (2) 
𝛽2 = 𝛽𝑠
2 − 𝛽𝑟
2                                                                                                                 (3) 
 
Where D (nm) is the average size of the crystallites, λ (Å) the X-ray 
wavelength, β (rad) the full width at half maximum (FWHM) of the (001) 
reflection and θ (°) half of the Bragg’s angle (2θ) [88]. The reflection 
broadening (βr) due to the diffractometer set-up was eliminated from the 
βs–value by using a microcrystalline Si (NIST SRM 640d) reference [I-IV]. 
 
3.3.2. Chemical studies 
The chemical bonds formed at the molecular level of all non-doped X-
Hec materials were studied with Fourier Transform Infrared Spectroscopy 
(FTIR) measurements. The spectra were determined at RT in the range of 400 – 
4000 cm-1 by using a Bruker Vertex 70 spectrometer, equipped with a RT-
DLaTGS detector, and a VideoMVPTM Diamond accessory. Each spectrum was 
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measured co-adding a total of 320 interferograms, with a resolution of 4 cm-1. 
The usage of the diamond as an internal reflection element in the ATR method 
(attenuated total reflection) has as limitation the occurrence of an intrinsic 
absorption in the spectral range of 2300 to 1800 cm-1, which limits its usefulness 
in this region (presenting only 5% of transmission in this range) [I - IV]. 
The chemical composition and impurities of the non-doped X-Hec 
and Cl-Hec:Ti3+ materials were investigated with the X-ray fluorescence 
(XRF) measurements. The XRF spectra were obtained with a Panalytical 
Epsilon 1 apparatus using AgKα radiation (E = 22.16 keV) and a high-
resolution Si drift detector (with a typical energy resolution of 135 eV @ 
5.9 keV / 1000 cps) [I, II and IV]. The determination of the Ti, Fe, Mn and 
Cr concentrations was made for the neutral Cl-Hec, with an Inductively 
Coupled Plasma Mass Spectroscopy (ICP-MS) instrument, PerkinElmer 
6100 DRC Plus (Toronto, Canada), in quantitative mode [II]. 
The chemical environment around the SiIV cations of the non-doped X-
Hec materials was studied with solid-state 29Si MAS NMR spectroscopy. The 
spectra were recorded for 24 h at RT with a Bruker AV400 spectrometer using a 
10000 Hz spinning rate and a 60 s relaxation time. The parts per million scale 
was calibrated against tetramethylsilane (TMS) at 0.00 ppm, designated by the 
equipment [III, IV]. 
The valence of titanium was probed with X-ray photoelectron 
spectroscopy (XPS) measurements carried out using a Perkin-Elmer PHI 
5400 spectrometer with a MgKα X-ray source (E = 1.25 keV) and a 
hemispherical electron energy analyser. The Cl-Hec:Ti3+ (2 mol-%) was 
analysed with a scanning step of 0.1 eV and pass-energy of 17.9 eV, by 
using 14.0 kV as the accelerating voltage in the Mg-anode. The curve 
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fitting was carried out using Origin 2015 software (OriginLab, 
Northampton, USA) [II]. 
 
3.3.3. Studies of the physical properties 
The morphology of the non-doped F-Hec and Cl-Hec materials was 
analyzed from the images obtained by a JEOL JSM-6701 F field emission 
scanning transmission electron microscope (STEM) operating at low 
voltage (30 kV). The samples were diluted in acetone for the analyses [II].  
The specific surface area and porosity of the non-doped X-Hec materials 
were determined by nitrogen sorption at 77 K, recorded in triplicate with a TriStar 
3000 apparatus (Micromeritics Inc., USA).  The surface area was calculated with 
the Brunauer-Emmett-Teller (BET) method [89]. The volume of the mesopores 
was estimated by using the total adsorbed amount at a relative pressure 𝑝 𝑝0⁄ =
0.97 [90] [III, IV]. 
The thermal stability of the host lattices was investigated with a TA 
Instruments SDT Q600 simultaneous TGA-DSC apparatus by heating ca. 20 mg 
of each material from 25 to 1000 °C in flowing N2 (rate flow: 100 cm
3min-1, 
heating rate: 10 °Cmin-1). An empty aluminum oxide sample cup was used as the 
reference material and similar cups were used as sample pans [III, IV]. 
 
3.3.4. Studies of optical properties 
The photoluminescence emission and excitation spectra as well as the 
luminescence decay curves of all doped and non-doped X-Hec materials were 
measured at RT with a Varian Cary Eclipse Spectrophotometer having a 150 W 
Xe lamp as the excitation source [I-IV]. The visual appearance of the non-doped 
and Eu3+ and/or Tb3+ doped X-Hec materials was registered with photos obtained 
by using a Canon EOS 60 D camera (18 Megapixel resolution and 5.3 fps 
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shooting speed) [I-IV]. The reflectance spectra of all X-Hec materials were 
measured under white light (a commercial 60 W incandescent lamp) using a CCD 
detector (Avantes SensLine, Model AvaSpec-HS-Tec).  
The thermoluminescence (TL) measurements were made for the non-
doped X-Hec materials with a MikroLab Thermoluminescent Materials 
Laboratory Reader RA'04 using a heating rate of 10 °Cs-1. Before the 
measurements, the samples were irradiated for 5 min at RT with a 4 W UVGL-
25 UV lamp at 254 nm. After turning off the irradiation, there was a delay of 5 s 
before the start of the measurement. The TL glow curves were measured in a 
range of 40 to 400 °C. Estimations of the trap energies were obtained with the 
initial rise method: 𝑙𝑛𝐼 = 𝐶 − 𝐸𝑡 𝑘𝑇⁄ , where I is the TL intensity, C is a constant 
including the frequency factor, Et is the trap depth (activation energy), k 
Boltzmann constant and T temperature (in K) [91] [II]. 
 
 
4.1. Structure and purity 
4.1.1. Phase purity of the non-doped X-Hec materials 
According to the XPD measurements of the non-doped X-Hec 
materials (Figure 17), all of them have the hexagonal fluorohectorite 
structure at nanodimensions. The patterns indicate that no crystalline 
impurities are present. The reflections in the XPD patterns are regularly so 
broad that it is impossible to determine the reflection FWHMs accurately 
due to their extensive overlap. However, the reflection at ca. 6.2° (in 2θ) is 
the isolated (001) one which allows carrying out the Scherrer calculations 
for determining the diffracting domain size. The size along that 001 
direction was estimated to be ca. 3 nm for all X-Hec materials [I-IV]. The 
(00l) reflections are wider than the others meaning that the crystallites are 
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larger in the other directions as an indication of plate-like morphology, 
which is expected due to the layered structure of hectorite-type of clay 
minerals. In the XPD patterns, each material displays the d001 value of ca. 
14.3 Å, which falls in the center of the range typical of basal spacings in 
smectites, i.e. 10 – 20 Å [55]. This basal spacing indicates that the interlayer 
spacing along the unit cell c axis is ca. 6.3 Å. Such a large spacing offers 
good host features for these X-Hec materials ensuring their high potential 
for cation exchange and adsorption [I-IV]. 
 
Figure 17.  The XPD patterns of the neutral  non-doped X-Hec materials.  The 
reference patterns for nano- and microcrystalline fluorohectorite were calculated 
with the PowderCell v 2.4 program (W. Kraus and G. Nolze, BAM, Berlin, 
Germany, 2000) using structural data from[64] [I-IV]. 
 
The synthesis of F-Hec and Cl-Hec in basic medium did not alter the 
formation of the hectorite-like structure for the materials. The XPD patterns 

























































indicated that the basic F-Hec and Cl-Hec (Figure 18) kept the analogous crystal 
structure of the respective materials synthesized in neutral medium, with similar 
domain size along the 00l direction (ca. 3 nm) and no variation in the position of 
the peak associated with the 001 reflection. Figure 19 shows a view of the X-Hec 
structure which contains two continuous T:O:T sheets linked by an interlayer 
space (composed by hydrated Na+) in each unit cell. In the X-Hec materials, the 
octahedral cations may be Li+ or Mg2+ coordinated to four O2- and two X- (X: F, 
Cl, Br or I), where two different topologies can be related to the halogen position, 
i.e. the cis-  or trans-orientation [59]. 
 
Figure 18.  The XPD patterns of the neutral and basic F -Hec and Cl-Hec materials. 
The reference patterns for nano - and microcrystalline fluorohectorite were 
calculated with the PowderCell v 2.4 program (W. Kraus and G. Nolze, BAM, 
Berlin, Germany, 2000) using structural data from[64][I-III].  
























































Figure 19. A Diamond 3.2 (Crystal Impact, Bonn, Germany) view of the T:O:T 
clay structure (based on fluorohectorite structural data  from [64]). Adapted from 
[II]. 
 
4.1.2. Phase purity of the X-Hec materials doped with Ti3+, Eu3+ 
and/or Tb3+ 
Doping the neutral Cl-Hec material with Ti3+ at different concentrations 
(xTi mol-%: 0.1 to 2.0) did not induce significant changes either in its crystal 
structure or the formation of crystalline impurities (Figure S1 [II]). However, the 
XPD patterns indicate that the cation exchange have induced an additional 
reflection at 17.7o. The origin of this signal is unknown, but it may indicate small 
distortions along the 020 (or 110) crystal direction. Regardless of this unknown 
signal, the XPD patterns of the Cl-Hec:Ti3+ materials indicate the hexagonal 
crystal structure of fluorohectorite at nanodimensions.  
The XPD patterns of the F-Hec and Cl-Hec materials doped with Eu3+ 
and/or Tb3+ (Figure 20) also indicate a successful cation exchange reaction 
promoted by the doping, without the crystallization of impurities or changes in 
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the crystal structure of the host matrices. Here, the additional reflection is 
observed only for the doped Cl-Hec materials. Still, all doped materials had 
maintained the initial crystal structure even after doping. 
 
Figure 20. The XPD patterns of the F-Hec and 
Cl-Hec materials doped with Eu3+ and/or Tb3+. 
The reference patterns for nano- and 
microcrystalline fluorohectorite were calculated 
with the PowderCell v 2.4 program (W. Kraus 
and G. Nolze, BAM, Berlin, Germany, 2000) 
using structural data from [64] [III]. 
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4.2. Chemical environment 
4.2.1. FTIR measurements 
The FTIR measurements (Figure 21) indicate that there are no structural 
hydroxyl groups in the octahedral layers of all non-doped X-Hec materials. This 
is evidenced by the absence of strong and sharp bands in the region of 3600 to 
3700 cm-1, related to the stretching mode of hydroxyl groups coordinated to 
octahedral Li or Mg [92,93]. This indicates the total formation of the octahedral 
units with the respective halogens ligands, instead of the common hydroxyl 
groups. A low content of hydrated water in the interlayer space of the clays is 
evidenced by the broad band in the region of 3200 to 3400 cm-1 and a weak band 
at ca. 1625 cm-1, which are due to H-O-H stretching and deformation of the 
hydration water molecule, respectively [92]. These bands related with the H-O-
H vibrational modes are more prominent for the F-Hec and Cl-Hec materials 
indicating higher contents of hydrated water for these two materials. In the 
fingerprint region of the spectra, vibrational bands were observed at 1010-1090, 
800 and 660 cm-1. They are assigned to asymmetric stretching, symmetric 
stretching and bending modes of Si-O-Si, respectively, as reported for the 
tetrahedral and octahedral layers of ordered hectorite clay minerals [66,93]. 
Moreover, the absence of a weak band at 1200 cm-1 indicates the absence or low 
concentration of amorphous silica [66] in all neutral X-Hec materials. Finally, 
the FTIR spectra of all X-Hec show the band at 460 cm-1 associated with the 
asymmetric stretching of Mg-O in the octahedral units of the clay materials 
normally identified for hectorites [93] [I-IV]. 
The F-Hec and Cl-Hec synthesized in basic medium have analogous 
FTIR spectra to the respective neutral materials (Figure 21) indicating that the 
basicity of the medium does not promote significant changes in the reaction 
process and that the same expected final product is obtained. The FTIR spectra 
63
of the basic Cl-Hec material show more pronouncedly the bands related to the H-
O-H stretching (3200 to 3400 cm-1) [92] than the F-Hec materials, which may be 
due to higher water contents in this material. Moreover, a moderate heating 
treatment (30 min @ 600 °C) induces the loss of these weak bands related to H-
O-H bending and stretching modes (Figure 22), which reappear in the spectra 
with increasing exposure time to atmospheric air (Figures S8 to S11 [III]), 
showing that these bands are due to the high hydrophilic character of the X-Hec 
materials. All in all, each one of the X-Hec materials synthesized possessed the 
expected chemical structure [III]. 
 
Figure 21.  FTIR spectra of the non-doped X-Hec materials [I-IV]. 
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Figure 22. FTIR spectra of the F-Hec and Cl-Hec materials synthesized in neutral 
and basic medium, after heating treatment (30 min @ 600 °C). The insert shows 
the loss of the hydrated water  signal after heating [III]. 
 
4.2.2. 29Si MAS NMR measurements 
The chemical environment provided by a host lattice has a crucial 
importance for the performance of a luminescent material. Since the X-Hec 
materials are nanocrystalline, the XPD cannot give detailed information of the 
host lattice structure. Thus, the 29Si MAS NMR spectra were recorded to examine 
the polymerization of the orthosilicate ions present in the tetrahedral sheets of the 
X-Hec materials. The usual nomenclature expresses the degree of polymerization 
as Qn, representing the silicate tetrahedron having n shared oxygen atoms (0 ≤ n 
≤ 4) [94,95]. The chemical shifts of silicate tetrahedra are normally identified 
from -60 to -140 ppm. However, the increase of polymerization of the Qn building 
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units generates a characteristic up-field shift to lower frequency, thus Q4 must 
have lower chemical shifts than Q4-i {𝑖 ∈ 𝑍/[1,4]} [95]. For silicon frameworks, 
it is expected that mainly two peaks can be identified in the 29Si MAS NMR 
spectra: those associated with the Q2 (Si(OSi)2(OH)2) and Q
3 (Si(OSi)3OH) 
signals (in higher intensity than Q2 peak) and observed from -74 to -92 ppm, and 
-93 to -101 ppm, respectively [95–99]. For synthetic hectorites, an additional 
peak corresponding to Q4 (Si(OSi)4) signal has been observed around -103 to -
120 ppm. This represents the centers in the developing silica framework, i.e. 
some silica excess present in the material [96–99] [III]. 
The 29Si NMR spectra of all X-Hec materials (Figure 3 [III] and Figure 4 
[IV]) show that the built silicon frameworks have the same chemical environment 
predicted for the tetrahedral layers of synthetic hectorites. Table 2 shows the 29Si 
chemical shifts identified for each X-Hec material. The most intense resonance 
signal is assigned to the Q3 sites of  the Si(OMg)(OSi)3 type which is identified 
at -95 ppm for synthetic hectorite [100]. However it is observed at lower chemical 
shifts for the X-Hec materials (-113 to -96 ppm) due to the differences in 
electronegativity caused by the halogen ions in the surroundings of the Si sites 
[101]. The spectra of all X-Hec materials also show the signal related to Q2 which 
is found at -85 ppm for synthetic hectorites [100] and it is observed at lower 
chemical shifts for the X-Hec materials (-98 to -87 ppm) because of the 
electronegativity effect [101]. Moreover, the X-Hec materials (except for the F-
Hec) have a weak signal associated to Q4 which is normally identified at -107 
ppm for synthetic hectorites [100]. Also this signal is shifted to lower ppm values 
in the X-Hec materials (-129 to -111 ppm). All three Qn signals identified for the 
X-Hec materials follow a general trend of decreasing the chemical shift with 
increasing of electronegativity as expected [101]. However the Q3 signals of the 
F-Hec materials do not follow the trend, but the reason for this is still unclear. 
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The polymerization degree of the X-Hec materials was qualitatively 
evaluated through the ratios between the intensities of the Q2 and Q3 signals 
(Q2/Q3), which is a common tool to determine the extension of branching relative 
to the extension of the orthosilicate chains [95]. According to the obtained ratios 
(Table 4) the degree of branching in the tetrahedral sheets of the X-Hec materials 
increases in the following order: F-Hec, basic < F-Hec, neutral < Cl-Hec, basic < 
Br-Hec < I-Hec < Cl-Hec, neutral. Therefore, there is a trend of increasing the 
degree of branching with the increase of the ionic radius of the halogens, except 
for the neutral Cl-Hec materials which does not follow this trend. 
 
Table 4 .  The 2 9Si chemical shifts identified in NMR spectra of the X-Hec materials  
[III, IV]. 
X-Hec, X: 
29Si chemical shifts (ppm) 
Ratio Q2 /Q3  
Q2  Q3  Q4  
F, neutral -98 -107 - 0.24 
F, basic -98 -107 - 0.23 
Cl, neutral  -98 -109 -125 0.43 
Cl, basic -102 -113 -129 0.36 
Br, neutral -87 -98 -111 0.37 
I, neutral -87 -96 -111 0.41 
  
4.2.3. Elemental composition: XRF and ICP-MS measurements 
The total XRF spectra of the X-Hec materials confirmed the presence of 
the expected elements of the synthesized materials (Figure 3 [I], Figure S4 [II] 
and Figure 2 [IV]. All spectra show the lines assigned to the Mg Kα1, Si Kα1 and 
Ca Kα2 emissions at 1.25, 1.74 and 3.69 keV, respectively [102], where the 
presence of calcium may be associated to its common presence as impurity in the 
sodium halide precursors used in the synthesis. Thus, the presence of hydrated 
Ca2+ and Na+ cations is expected in the interlayer space of the X-Hec materials 
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with sodium being the expected majority. Moreover, the respective halogens of 
the X-Hec materials were also identified in the XRF spectra (except from 
fluorine, which is out of the detection range of the equipment), confirming the 
halogen contents in the composition of the materials. The spectra of the Cl-Hec 
materials have the line of ClKα1 emission at 2.62 keV [102] (Figure S4 [II]). The 
spectrum of the Br-Hec presents the line of Br Lα1,2 emission at 1.48 keV [102] 
(Figure 2 [IV]). Finally, the iodine contents on the composition of the I-Hec is 
confirmed by the emission lines of I Lα1, Lβ1 and Lβ2 at 3.94, 4.22 and 4.51 keV, 
respectively [102] (Figure 2 [IV]) [I, II, IV]. 
The XRF spectra of all X-Hec materials show the Ti emission lines 
confirming its presence as impurity in the X-Hec compositions (Figure 23). The 
Ti was identified through three signals at 4.50, 4.51 and 4.9 keV, assigned to its 
respective Kα1, Kα2, Kβ1 emissions [102]. All materials present these three signals 
with weak intensity [I, II, IV]. 
To estimate the concentration of titanium as an impurity in the X-
Hec materials, the neutral Cl-Hec was doped with known Ti contents and 
the XRF spectra were recorded for Ti-doped materials. The signals 
associated with the TiKα1, Kα2 and Kβ1 emissions were identified for all Ti-
doped samples. As expected, these signals strengthen with increasing Ti 
doping content (Figure 5 [II]). The intensities observed for the TiKα1 
emission of all Cl-Hec:Ti3+ materials were then used to obtain a standard 
addition calibration curve (Figure S3 [II]) which, by extrapolation, gave a 
semi-quantitative value of the Ti concentration present in the neutral Cl-
Hec material. It was found that the neutral Cl-Hec has a Ti content of 58 
ppm. This value agrees well with the result obtained through an ICP-MS 
measurement, which showed a Ti concentration of 71.00±15.91 ppm in the 
neutral Cl-Hec. Thus, the agreement between the two different methods 
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validated the XRF method as a semi-quantitative means for the 
determination of Ti in the X-Hec materials [II]. The calibration curve 
discussed above was used to qualitatively estimate the titanium 
concentration in each X-Hec material, and the results are shown in Table 
5. These results confirm the presence of Ti as impurity in the non-doped X-
Hec materials with a concentration of a few tens of ppm. Moreover, other 
impurities (Fe, Mn and Cr) have been identified in the neutral Cl-Hec 
materials, through quantitative analysis of ICP-MS (Table 5).  
The presence of iron may represent an issue to the luminescence 
efficiency of the X-Hec materials: Because especially Fe3+ is a known 
luminescence quencher and the Fe concentration is fairly high for an 
impurity (81 ppm), it may induce luminescence quenching. Indeed, when 
Fe species are found in the structure of clay minerals, they usually occupy 
the octahedral units as trivalent cations. Unfortunately, the presence of the 
impurities could not be controlled in the current work. 
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Figure 23 .  The presence of titanium impurities identified in the XRF spectra of 
all X-Hec materials (•: instrumental signal).  
 
Table 5. The qualitative concentrations of Ti in the X-Hec materials 
estimated from the respective XRF spectrum of each material . ICP-MS results 
concerning Ti and other possible luminescent impurities are presente d for 














XRF measurements       
Ti concentration 
(ppm) 
61 51 58 67 58 59 
xT i (mol-%) 0.0061 0.0051 0.0058 0.0067 0.0058 0.0059 
       
ICP-MS analysis        
   Cl, neutral    
Ti concentration (ppm)   71.00 ± 15.91   
Fe concentration (ppm)   81.05 ± 6.05   
Mn concentration (ppm)   0.49 ± 0.33   
Cr concentration (ppm)   3.90 ± 1.07   
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4.3. Physical properties 
4.3.1. Nitrogen sorption isotherms and microscopy images 
The porosity and packing features of the X-Hec materials were evaluated 
through the respective nitrogen sorption isotherms. Figure 24 shows the 
isotherms of the non-doped neutral X-Hec materials, whereas those of the basic 
materials are presented in [III]. The isotherms of all non-doped X-Hec materials 
have the characteristic shape of type V isotherms, according to the IUPAC 
classification [103], which is typical of mesoporous materials. Since the non-
doped X-Hec materials behave as mesoporous materials, the hysteresis loop of 
their sorption isotherms can be correlated with the respective textures [103]. 
However, the shape of the hysteresis loop varies for the different X-Hec materials 
(Table 6). The F-Hec materials (both, basic and neutral) have a type H4 hysteresis 
indicating a texture with narrow slit pores [III]. The Cl-Hec materials (both, basic 
and neutral) present a H2 type hysteresis loop associated to a non-uniform 
distribution of pore size and shape indicating bottleneck constrictions in these 
materials [III]. The Br-Hec and I-Hec materials show the H3 type of hysteresis 
loop due to slit-shaped pores. This indicates that there are no limitations for 
adsorption at high P/P0, meaning that it has the typical texture of non-rigid 
aggregates of plate-like particles [IV]. The previous literature reports about the 
mesoporous features of synthetic hectorites [104,105] agree with the isotherms 
recorded here for the X-Hec materials. 
The physisorption phenomena were analyzed through two data reduction 
methods to calculate the surface area and pore volume of each material (Table 6). 
The specific surface areas (SSA) were calculated with the BET method [89] 
considering the model of a multilayer coverage. The SSA values obtained for the 
X-Hec materials vary from 249 to 514 m2g-1 with the lowest and highest values 
calculated for the basic F-Hec and neutral Cl-Hec, respectively. The literature 
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reports different SSA values for hectorites: natural fluorohectorites have SSA 
ranging from 7 to 75 m2g-1 (depending on the particle size) [106] and natural 
hectorites usually show low SSA (35.6 m2g-1) [107]. Synthetic hectorites have 
SSA between 5 and 300 m2g-1 [108] and the commercial Laponite® shows SSA 
values from 279 to 375 m2g-1 [104,108,109]. Thus, the Cl-Hec materials have 
higher SSA values than expected for non-treated hectorite types of clay minerals, 
while all other X-Hec materials show similar SSA values to the ones reported in 
the literature. 
The volume of the mesopores was calculated using the method described 
by Rouquerol et al. [90] and it indicated pore volumes between 0.17 to 0.54 cm3g-
1 for the X-Hec materials (Table 6). The pore volumes were constant in the 
adsorption and desorption curves indicating that the X-Hec materials have the 
reversible adsorption process expected for mesoporous materials, and desirable 
for catalysts. In general, it seems that there is a trend of increase of pore volume 
with the increase of the ionic radius as intuitively expected. The neutral Cl-Hec 
is an exception, however. 
The STEM images of the F-Hec and Cl-Hec materials (Figure 25) show 
the expected morphology for the synthetic hectorites, i.e. the presence of thin 
plates typical of smectite clays [66,110]. Both materials contain aggregated 
platelike quasi-circular particles with diameters in the order of nanometers. The 
TEM images of the F-Hec and Cl-Hec materials (Figure 2 [III]) also indicate that 
the crystallites have agglomerated to nanosized clusters, with the distance 
perpendicular to the sample holder surface being much less (a few nanometers) 
than that along the surface (a few hundred nanometers) [III]. Therefore, these 
observations are in agreement with the respective XPD patterns of the X-Hec 
materials. However, the size distribution could not be calculated due to the high 
agglomeration of the particles. At higher orders of magnification, the images of 
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the Cl-Hec materials seem to reveal higher agglomeration than those of the F-
Hec materials. However, all materials have strong cluster formation as it can be 
seen in the image of the neutral F-Hec at lower magnification (Figure 25, upper). 
Unfortunately, the STEM images of the Br-Hec and I-Hec materials could not be 
obtained, since the facilities used are no longer available. 
 
Figure 24 .  Nitrogen adsorption and desorption isotherms of the non-doped neutral 
X-Hec materials [III, IV]. 
 
Table 6 . Evaluation of the collected surface area and pore volume of the non-














(m2g - 1)  
333 ± 1 249 ± 1 514 ± 2 434 ± 2 385 ± 5 363 ± 4 
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4.3.2. Thermoanalysis 
The TGA-DSC analyses of the X-Hec materials (Figure 5 [III] and Figure 
6 [IV]) show the three main weight loss events expected for hectorite type of clay 
minerals that lead to the breakdown of the structure. The Table 7 summarizes the 
temperature and mass losses associated with the events for each material. The 
first endothermic DSC signal identified from 89 to 114 °C is assigned to the loss 
of adsorbed water [96,111] and the loss varies according to the humidity contents 
of each material [III, IV]. The second event represents the loss of the coordinated 
water from the interlayer space (in the inner hydration shell of Na+), and locked 
water inside the possible cavities in the clays’ structure [96,111]. Due to the broad 
features of this event (between ca. 340 and 625 °C), the TGA and DSC curves do 
not show these changes clearly. However, it can be well identified from the first 
derivative of the TGA curves (Figure S2 [III], Figure S1 [IV]) which also allows 
the calculation of the mass loss related to this event (Table 7). The total mass loss 
of water varies from 7.4 to 17.8 % in the X-Hec materials depending on the 
adsorption capacity of each material in agreement with the SSA values found for 
these materials (Table 8). 
The interpretation of this second occurrence differs from the usual 
observation reported for hectorite clay minerals, where the release of the 
coordinated water occurs concomitantly with the dehydroxylation (loss of 
structural OH‒ ions) in a temperature range between 300 and 800 °C [96,111]. 
Since the X-Hec materials were designed based on the hectorite structure, but 
replacing its OH‒ ions with halogen ions, they do not present the dehydroxylation 
event, shortening the temperature range of the weight loss which here is related 
just with the loss of coordinated water. The relation between this occurrence and 
the loss of coordinated water is further confirmed with the ex situ XPD (Figure 
S7 [III]) and FTIR analyses (Figure 22 and Figures S8 to S11 [III]) of the F-Hec 
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and Cl-Hec materials: After heating the non-doped F-Hec and Cl-Hec materials 
at 600 °C for 30 min, the respective ex situ XPD patterns (Figure S7 [III]) still 
show the crystal structure similar to that of nanocrystalline fluorohectorite. Only 
small shifts or broadening of the 001 reflection is observed, which is associated 
with the loss of the coordinated water in the interlayer space. Moreover, the 
respective ex situ FTIR spectra (Figure 22) do not show remarkable changes 
when compared with those of the materials dried at 200 °C (Figure 21), losing 
just the weak bands related to H‒O‒H bending and stretching modes, which 
reappear in the spectra with increasing the time of exposition to the atmospheric 
air (Figures S8 to S11 [III]), due to the high hydrophilic character of the X-Hec 
materials. Therefore, all these observations connect the nature of this second 
occurrence with the loss of coordinated water in the interlayer space of the X-
Hec materials. 
The third and last exothermic signals in the DSC curves represent the 
collapse of the mineral structure releasing the corresponding halogen gas (F2 (g), 
Cl2 (g), Br2 (g) or I2 (g)). The breakdown results in the formation of the respective 
stable oxides: magnesium oxide (MgO), lithium oxide (Li2O), sodium oxide 
(Na2O), enstatite (MgSiO3) and SiO2. The ex situ XPD measurements of the Br-
Hec and I-Hec materials after heating the materials up to 1000 °C (Figure S2 
[IV]), show mainly the collapse of the mineral structure into enstatite and 
cristobalite (SiO2), and the presence of other crystalline phases that could not be 
identified. On the other hand, the ex situ XPD patterns recorded for F-Hec and 
Cl-Hec materials after heating at 1000 °C (Figures S12 to S15 [III]), indicate the 
formation of all the expected stable oxides. This event also indicates that the 
thermal stability of the X-Hec materials extends up to 800 °C (except from the 
F-Hec materials which have the collapse of the mineral structure at ca. 770 °C). 
In addition, the higher mass loss observed for the neutral Cl-Hec material may 
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indicate an excess of oxygen in the layers of this clay material inducing a release 
of O2(g) with the collapse of its structure [III, IV]. The neutral Cl-Hec also shows 
two weak endothermic signals in the DSC curves at 609 and 639 °C, which may 
indicate some conformational changes in the layers before the collapse of the 
mineral structure. This signal is not observed for the other X-Hec materials [III].  
 
Table 7 .  Temperatures and mass losses of the three main events identified in the 
TGA-DSC analyses of the X-Hec materials [III, IV].  
X, Hec, X: 
Loss of adsorbed 
water 
Loss of coordinated 
water 
Collapse of 










F, neutral 104 3.9 340 –  625 4.6 775 2.7 
F, basic 114 3.2 340 –  625 4.2 772 2.3 
Cl, neutral  93 3.4 340 –  625 6.9 818 6.3 
Cl, basic 94 7.8 340 –  625 10.0 807 2.7 
Br, neutral 89 3.0 380 –  640 7.2 828 2.5 
I, neutral 114 1.8 340 –  625 6.5 813 2.5 
 
Table 8 . Correlation between the total water loss (humidity) and surface area of 















8.5 7.4 10.3 17.8 10.2 8.3 
SSA (BET) 
(m2g - 1)  
333 ± 1 249 ± 1 514 ± 2 434 ± 2 385 ± 5 363 ± 4 
 
4.4. Ti3+ as luminescent center of the non-doped X-Hec materials 
The X-Hec materials have a yellowish body color under white light and 
a blue luminescence under UV radiation (Figure 26, top). The respective 
reflectance spectra (Figure 26, bottom) further agree with the body color 
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appearance of the X-Hec materials, showing a main broad band of absorption in 
the blue region (ca. 450 nm), which results in the yellowish color of the powders. 
The origin of the absorption band needs further studies. The emission spectra 
(λexc: 255 nm) of the X-Hec materials (Figure 27, top and Figure 28, top) display 
a main broad blue-green emission band with the barycenter at ca. 460, 465, 470 
and 490 nm for the F-Hec (neutral and basic), Cl-Hec (neutral and basic), Br-Hec 
and I-Hec, respectively. A similar blue-green emission has been observed 
previously for other silicates such as montmorillonite [84], kaolinite [75], 
pyrophyllite [80], topaz (Al2SiO4(F,OH)2) [4], synthetic hackmanite 
(Na8Al6Si6O24(Cl,S)2) [30,31], benitoite (BaTiSi3O9) [20] and SiO2 [50,51]. 
Moreover, all the X-Hec materials present a weak red emission at ca. 710 nm and 
it is most prominent for the basic Cl-Hec and Br-Hec materials. When the 
materials are excited at 365 nm this main emission is observed as a broad green-
yellow emission band (Figure 27, bottom and Figure 28, bottom), with the 
barycenter at ca. 480, 505, 530 and 562 for the F-Hec (neutral and basic), Cl-Hec 
(neutral and basic), Br-Hec and I-Hec, respectively. The weak red emission still 
remains at ca. 710 nm [I-IV]. The main emission band is broad and asymmetric 
for all X-Hec materials, presenting a shift in the barycenter with the variation of 
the excitation wavelength. This indicates that the activator center is occupying 





Figure 26 . Visual appearance of the X-Hec materials under white light and UV 
radiation (top) [I-IV], and the reflectance spectra of the X -Hec materials under 
white light (bottom). 
 











































The X-Hec materials have their luminescence emission best explained 
through the existence of Ti3+ impurities in the octahedral layers of these 
materials. To confirm Ti3+ as luminescent center of the X-Hec materials, the 
neutral Cl-Hec material was doped with Ti3+ (with concentrations from 0.1 to 2.0 
mol-%). The emission spectra (λexc: 255 nm) of the Ti
3+-doped materials (Figure 
6 [II]) show that the main blue/green emission is stronger for all Ti3+-doped 
materials when compared with the non-doped Cl-Hec. This suggests that 
Ti3+ impurity is the origin of luminescence in the non-doped materials 
instead of the possible oxygen-deficient SiO2
2- centers.  
In order to make explicit the difference between the emission bands 
generated by the Ti3+ impurities in the X-Hec materials and those 
commonly observed in silicate materials, the luminescence spectrum of a 
natural hectorite sample was also recorded keeping the same measurement 
parameters. The emission spectrum (λexc: 255 nm) of the natural hectorite 
(Figure S5, left [II]) presents a broad blue emission (490 nm) and a more 
prominent red emission (710 nm), in agreement with previous studies of 
luminescence in SiO2 [50,51]. These bands also seem similar to those 
observed for the X-Hec materials in the present work. In the case of 
possible SiO2
2- center emission, the red emission is expected to be 
quenched, when the basicity is increased by adding NaOH. This has been 
suggested to be due to the presence of alkali ions close to the non-bridging 
oxygen with trapped hole [49]. However, the F-Hec and Cl-Hec materials 
have the opposite behavior, showing an increase of red emission in basic 
medium (Figure 28). Besides, when the natural hectorite was excited at 
365nm, the blue emission band vanishes from its spectrum (Figure S5, right 
[II]), and the red emission becomes almost unnoticeable. These 
80
observations presented above confirm that Ti3+ is the emitter in the X-Hec 
materials [II]. 
The main emission band is slightly red-shifted (to 490 nm) for the 
Ti3+-doped samples and the breadth of the band decreases from ca. 6500 to 
6100 cm-1 between the non-doped and 2 % doped material. Because the 
emission band is broad, one can assume that the emission results from 
multiple Ti sites. In comparison with the impurity Ti species, the doped Ti 
species seem to favor sites that have a lower crystal field strength, which 
causes the maximum of the band to shift to lower energy and to decrease 
in width. The emission intensity increases with the Ti content until 1.5 mol-
%. The reason for the decrease in higher concentrations may be that the 
solid solubility of titanium to the Cl-Hec lattice extends only to 1.5 mol-%. 
On the other hand, it may also be that in the higher concentrations the Ti 
species aggregate, which results in concentration quenching of the 
emission [II]. 
It was possible to determine the valence of titanium with XPS from 
the Cl-Hec material doped with 2 mol-% of Ti. The results indicate that 
both Ti3+ and TiIV are present (Figure 8 [II]) based on the 2p3/2 signals at 
457.8 and 458.9 eV [112]. Even if the low ppm Ti concentration prevents 
the determination of the Ti valence in the non-doped materials, it can be 
assumed that both Ti3+ and TiIV will be present, because of the similar 
synthesis conditions. The XPS results thus confirm the assignment of the 
bands in the excitation spectrum [II]. Moreover, the materials studied in the 
current work have low contents of Ti as confirmed from their respective XRF 
spectra (Figure 23). 
The luminescence properties of oxide materials that have titanium 
as an impurity have been commonly defined by the presence of Ti3+ and 
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TiIV [29]. Also, previous reports have shown that Ti can occur as an impurity in 
oxides, generating similar emission features as reported for silicate glasses [24] 
and hafnates [113]. In the non-doped X-Hec materials the titanium impurities 
originate from the SiO2 used as precursor to synthesize the materials, where Si
IV 
has been replaced by TiIV. Since the octahedral coordination has preferential 
geometry for titanium complexes [4], the initial impurities migrate to the 
octahedral layers substituting either Mg2+ or Li+. Moreover, four-coordinated 
Ti has been reported only within highly disperse Ti-silicate structures 
[114]. In the octahedral sites, titanium is driven to the trivalent form to 
better match the size and charge in that site. The presence of TiIV is also 
possible due to the low reduction potential between the two species, about 
ca. 0.56 and 0.09 eV in solid and aqueous solution, respectively (Eqs. 3 
and 4) [115]. Furthermore, the brownish body color of the X-Hec materials is 
a common feature expected due to the presence of Ti3+ formed in non-oxidizing 
host matrices [28][I-IV]. 
 
2 𝑇𝑖𝑂2(𝑠) + 2 𝐻
+ + 2𝑒− → 𝑇𝑖2𝑂3(𝑠) + 𝐻2𝑂        𝐸
0 = −0.556 𝑒𝑉      (3) 
2 𝑇𝑖𝑂2(ℎ, 𝑠) + 2 𝐻
+ + 2𝑒− → 𝑇𝑖2𝑂3(ℎ, 𝑠) + 𝐻2𝑂  𝐸
0 = −0.091 𝑒𝑉    (4) 
 
The main blue-green emission presents a trend of red shift as a function 
of the atomic number of the halogen (Figures 27 and 28). This observed emission 
red shift can be easily explained with the ligand-field theory: the halogens are 
strong π-donor ligands (F‒ < Cl‒ < Br‒ < I‒) which have full π orbitals lower in 
energy than the 3d1 orbitals of Ti3+. When they form molecular orbitals with the 
t2g orbitals of Ti
3+ these nonbonding t2g orbitals become antibonding. This 
increases the energy of the t2g which thus gets closer in energy to the antibonding 
eg orbitals [116]. The magnitude of this effect follows the order of the π-donor 
82
strength of the ligands generating the observed red shift. Similar observations 
have been reported for example in CH3NH3PbX3 perovskites showing the red 
shift when bromine was replaced by iodine in the PbX6 octahedra [117] [IV]. 
 
 
Figure 27 . The emission spectra of the neutral X -Hec materials under 255 nm 
(top) and 365 nm (bottom) excitation [I-IV].  
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Figure 28 .  The emission spectra of the F -Hec and Cl-Hec materials (neutral and 
basic) under 255 nm (top) and 365 nm (bottom) excitation [I-IV]. 
 
The excitation spectra of the X-Hec materials (Figure 29) further confirm 
the role of Ti3+ as activator center in these materials: The broad bands seen at ca. 
370 - 410 nm are assigned to electronic transitions from the t2g to eg energy levels 
of Ti3+, which agrees with previous reports for Ti3+ in monoclinic ZrO2 (314 nm) 
[27] considering that d-d transitions are sensitive to the crystal field strength. The 


































































































wide bands at ca. 287-300 nm are related to the e-(O2-(2p))→TiIV charge transfer, 
which is typically observed at ca. 280 nm [29,31,118]. Finally, the gap energy 
between the valence and the conduction band is identified at ca. 250 nm which 
agrees with the characteristic band gap energy of hectorites (260 nm) [119], 
confirming that titanium is in the hectorite structure and not present as isolated 
impurity phase [I-IV].  
 
 
Figure 29 .  The excitation spectra of the neutral X -Hec materials (top) and the F-
Hec and Cl-Hec materials at  neutral and basic medium (bottom) [I-IV]. 
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4.5. Persistent luminescence of the non-doped X-Hec materials 
The luminescence decay curves of the X-Hec materials (Figure 30) 
indicate that all non-doped materials present short persistent luminescence, i.e. 
thermally stimulated luminescence at room temperature, lasting ca. 5 s. The 
typical emission lifetime of Ti3+ is in the order of microseconds [28], but the fits 
to the decay curves of the X-Hec materials show that the decay consists of 
components with lifetimes ranging from some hundred milliseconds to seconds 
(Table 9). Each material presents at least three lifetimes as calculated with 
a multiexponential fitting function. However, even with three lifetime 
components, only a part of each decay curve can be fitted reasonably 
(Figure 30, top and middle). This indicates that the overall decay is very 
complex with several contributing processes.  
This short persistent luminescence is explained through the existence of 
defects in the layered structure of these materials. The traps act as electron traps 
storing energy for a short time. From all materials, the neutral Cl-Hec presents 
the longest emission lifetime which may be due to the highest defect 
concentration in its structure. Even though the X-Hec materials can store optical 
energy, they possess too shallow traps which do not allow any significant 
persistent luminescence at room temperature [I-IV]. This short persistent 
luminescence was also observed for the neutral Cl-Hec materials doped with Ti3+ 
(Cl-Hec:Ti3+, xTi: 0.1 – 2.0 mol-%), but the lifetimes decrease with increasing 
Ti content (Figure 9 and Table 1 [II]) indicating that doping decreases the 
amount of defects capable of storing electrons [II]. 
The persistent luminescence excitation spectrum (Figure 30, bottom) was 
determined only for the basic Cl-Hec because it shows the longest persistent 
emission of the X-Hec materials. This was done by recording the decay curve for 
the 460 nm emission with varying the excitation wavelength from 255 to 395 nm 
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and taking the intensity value at 0.2 s (i.e. at a point beyond any regular 
photoluminescence lifetime). It was observed that the short persistent 
luminescence can be observed with excitation below 325 nm. This confirms that 
the persistent luminescence is excited similarly as is the regular 
photoluminescence (see Figure 29), i.e. via the e-(O2-(2p))→TiIV charge transfer 
or through the conduction band. 
 
Table 9 .  Emission lifetimes calculated for bromohectorite and iodohectorite by 
fitting the luminescence intensity (I)  to the function: 𝐼 = 𝐼0 + 𝐴1𝑒
−𝑡 𝜏1⁄ + 𝐴2𝑒
−𝑡 𝜏2⁄ +
𝐴3𝑒
−𝑡 𝜏3⁄ . Here, A: amplitude, t: time and, τ: lifetime. The values in parentheses 
show the calculated esd’s.  
X-Hec, X: τ1 /s  A1 / % τ2 /s  A2 / % τ3 /s  A3 / % 
F, neutral 0.32(12) 74 0.78(18) 24 2.93(85) 2 
F, Basic 0.32(3) 76 0.70(7) 22 1.85(33) 2 
Cl, neutral  1.14(17) 29 0.31(6) 40 0.06(2) 31 
Cl, basic 0.45(8) 52 0.99(18) 40 2.34(53) 7 
Br, neutral 0.04(6) 61 0.20(4) 29 0.87(11) 10 














Figure 30 .  Normalized persistent luminescence decay curves of t he neutral X-Hec 
materials ( top) and the decay curves of the F-Hec and Cl-Hec materials in neutral 
and basic medium (middle). The bottom curve shows the persistent luminescence 
excitation spectrum of Cl-Hec obtained from decay curves.  





































































The thermoluminescence (TL) glow curves of the X-Hec materials 
(Figure 31, top) further confirm the prolonged emission lifetimes of the X-Hec 
materials as a short persistent luminescence. All X-Hec materials have weak TL 
bands which confirm the presence of traps emptying spontaneously below/close 
to RT. The intensity of the TL bands varies for each material being highest for 
the neutral Cl-Hec and lowest for the I-Hec. This indicates higher concentration 
of traps with suitable depths for room temperature TL for the former. Following 
the variation in intensity of the TL bands, it can be deduced that the amount of 
suitable traps in the X-Hec materials increases in this order: I-Hec < Br-Hec < 
basic Cl-Hec < neutral F-Hec < basic F-Hec < neutral Cl-Hec. This agrees with 
the lifetimes calculated from the luminescence decay curves (Table 9).  
The energies related to these traps were calculated by using the model-
free initial rise method (Figure 31, bottom) [91]. The trap energies vary from 
0.038 to 0.195 eV, meaning that the traps are too shallow, getting empty fast at 
room temperature. The basic Cl-Hec material shows a decline instead of an initial 
rise. Thus, its trap energy could not be calculated. The generation of efficient 
persistent luminescence requires trap energies between ca. 0.5 and 1.0 eV [120]. 
Therefore, the TL glow curves of the X-Hec materials show that all of them are 
capable of storing optical energy, but the traps are much too shallow to generate 




Figure 31 .  TL glow curves of the non-doped X-Hec materials (top) and the 
respective initial rise TL curves (bottom). 
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The mechanism of Ti3+ persistent luminescence in the X-Hec materials 
can be explained based on the model proposed for ZrO2:Ti
3+ [121]. Figure 32 
illustrates the general mechanism, using the data obtained for the neutral Cl-Hec 
material, which can be explained as follows: the excited 3d levels of Ti3+ 
overlap with the conduction band, but at least the lowest levels must be 
located below the conduction band or else no emission could be observed. 
When the Ti3+ is excited, a part of the excited electrons may escape to the 
conduction band. The electrons move freely in the conduction band until 
they are trapped to a defect with an energy level close to the bottom of the 
conduction band. The electrons are freed from the trap with the aid of the 
thermal energy available at room temperature. Subsequently, the electrons 
are raised back to the conduction band with this thermal energy. They move 
in the conduction band until they reach the excited levels of Ti3+. Finally, 
the excited Ti3+ relaxes emitting at 460 – 490 nm, according to the 
luminescence emission observed for each X-Hec material [II]. 
 
Figure 32 .  Luminescence mechanism of the X -Hec materials based on the data of 
the neutral Cl-Hec material.  
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4.6. Fluorohectorite and chlorohectorite doped with Eu3+ and/or Tb3+ 
The characterization of the X-Hec materials detailed above shows a 
combination of features which points the X-Hec materials as potential candidates 
to act as host lattices for several guest species (optically active or not). The 
following desirable features for host lattices are present in the X-Hec materials: 
(i) the crystal structure of smectite clay minerals with a wide interlayer space 
making it able to accommodate extraneous guest species (ii) the chemical 
environment characteristic of the layered hectorites’ structure, (iii) high surface 
area and, (iv) thermal stability up to 700 - 800 °C, depending on the type of X-
Hec material. To test if these features would also allow the doping with 
lanthanides which commonly require higher coordination numbers (10 to 12) 
than those available in hectorite (6 to 8), the F-Hec and Cl-Hec materials (neutral 
and basic) were doped with Eu3+ and/or Tb3+ [III]. The easy cation exchange in 
the interlayer space of clay minerals, especially the smectite types, is a well-
known feature of these materials [122,123]. Thus, the doping was carried out by 
a cation exchange of one mol of Eu3+ and/or Tb3+ by three mols of Na+ [III]. 
Visually, the F-Hec and Cl-Hec materials had their yellowish-brownish 
body color under white light accentuated after the doping with Eu3+ and/or Tb3+ 
species (Figure 6 [III]). When the doped materials are under UV radiation, they 
present: (i) a violet/red appearance for the Eu3+-doped (Figure 6, upper right 
[III]), (ii) a green for the Tb3+-doped (Figure 6, lower left [III]) and, (iii) 
variations between blue, green and red appearance for the Eu3+ and Tb3+ co-doped 
materials (Figure 6, lower right [III]). The following sections discuss the 
luminescence phenomena in the Eu3+ and/or Tb3+-doped F-Hec and Cl-Hec 
materials by comparing the luminescence spectra of the studied doped materials 
with the results seen in other matrices. 
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4.6.1. Photoluminescence of X-Hec:Eu3+ materials 
The emission spectra (λexc: 255 nm) of X-Hec:Eu
3+ materials (Figure 33, 
top) show five main lines with the barycenter at 580, 592, 613, 653 and 700 nm 
assigned to the transitions from 5D0 to 
7FJ (J=0,1,2,3,4) energy levels of Eu
3+ 
[124,125]. The line centered at 613 nm appears as the strongest emission for all 
X-Hec:Eu3+ materials, generating a red appearance emission for these materials, 
which is also deducted from the CIE color coordinate diagram (Figure 9 [III]). 
The stronger intensity of the band related to 5D0 → 
7F2 transition (613 nm) in 
comparison with the band associated to 5D0 → 
7F1 transitions (592 nm), indicates 
that Eu3+ does not occupy a site with inversion symmetry, since the former 
transition is very sensitive to the crystal field around Eu3+ [126]. In addition, the 
neutral Cl-Hec:Eu3+ shows also a line centered at 536 nm due to the electronic 
transition 5D1 → 
7F1 of Eu
3+ which indicates the low phonon energy of the neutral 
Cl-Hec host lattice [125]. The same transition is weakly noticed with the other 
Eu3+-doped X-Hec materials [III]. 
All the X-Hec:Eu3+ materials have similar excitation spectra (λem: 613 
nm, Figure 33, bottom). The band at ca. 260 nm is associated to the band gap 
energy (Eg) of the X-Hec materials. The broad band at ca. 280 nm is due to the 
(O2-(2p))→Eu3+ LMCT that might be overlapped with the (O2-(2p))→TiIV LMCT 
and the following peaks ranging from 390 to 540 nm are associated to the 
7F0,1→
5DJ (J=3, 2, 1) [127]. Moreover, the absence of the Ti
3+ (d-d) bands 




Figure 33 .  Emission spectra with 255 nm excitation (top) and excitation spectra 
for the 613 nm emission (bottom) of the F-Hec:Eu3 + and Cl-Hec:Eu3 + materials 
[III]. 























































































































































4.6.2. Photoluminescence of X-Hec:Tb3+ materials 
The emission spectra (λexc: 255 nm) of the X-Hec:Tb
3+ materials show the 
typical emission lines of trivalent terbium due to 4f-4f transitions (Figure 34, 
top), presenting four main bands with the barycenter at ca. 489, 543, 586 and 622 
nm assigned to the 5D4→
7F6 (weak blue), 
5D4→
7F5 (strong, green), 
5D4→
7F4 
(weak, yellow) and, 5D4→
7F3 (weak, red) transitions of Tb
3+, respectively 
[22,128,129]. The band centered at ca. 543 nm shows the highest intensity for all 
Tb3+-doped materials, resulting in a predominantly green emission under UV 
radiation. The color coordinate diagram further shows the overall green emission 
of the X-Hec:Tb3+ materials (Figure 9 [III]) [III].  
The excitation spectra (λem: 543 nm) of the X-Hec:Tb
3+ materials (Figure 
34, bottom) show features typical of a Tb3+ luminescent center. The peak 
associated to 7F6→
5D4 transition of Tb
3+ is at ca. 465 nm [22,129]. The broad 
band at ca. 285 nm is related to the (O2-(2p))→TiIV LMCT, and the broad band 
at ca. 260 nm is related to the band gap energy of the X-Hec materials [119]. As 
noticed for the Eu3+-doped materials, the Ti3+ (d-d) band is also absent, indicating 














Figure 34 .  Emission spectra under 255 nm excitation (top) and excitation spectra 
for the 543 nm emission (bottom) of the F-Hec:Tb3+ and Cl-Hec:Tb3+ materials 
[III]. 
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4.6.3. Photoluminescence of X-Hec:Eu3+,Tb3+ materials 
The X-Hec:Eu3+,Tb3+ (xEu: 0.02 mol-%, xTb: 0.02 mol-%) materials have 
a yellowish-orange emission under UV radiation, showing an intermediary total 
emission between the X-Hec:Eu3+ and X-Hec:Tb3+ materials as it can be seen in 
the color coordinate diagram (Figure 9 [III]). However, the Cl-Hec:Eu3+,Tb3+ 
materials have their total emission closer to the Tb3+-doped materials, while the 
F-Hec:Eu3+,Tb3+ materials present the total emission closer to the Eu3+-doped 
materials. In Eu3+/Tb3+ co-doped materials, it is more common to observe energy 
transfer from Tb3+ to Eu3+ than vice versa. On the other hand, if there was Eu2+ 
present, it could transfer energy to Tb3+ [130]. Since the europium was doped 
into the X-Hec lattices as a trivalent ion, they present only the emission bands 
corresponding to Eu3+. Thus, if an energy transfer process would occur, it would 
be most probably observed from the energy levels of Tb3+ to Eu3+. However, such 
energy transfer processes were not observed for the X-Hec:Eu3+,Tb3+ materials 
[III].  
The emission spectra (λexc: 255 nm) of the Cl-Hec:Eu
3+,Tb3+ materials 
(Figure 35) indicate the predominance of the Tb3+ emission for these materials. 
The four bands centered at 489, 543, 586 and 622 nm are associated to the 
5D4→
7FJ (J = 6,5,4,3) transitions of Tb
3+. However the band centered at 622 nm 
may have a small contribution from the 5D0 → 
7F2 transition of Eu
3+ and, the last 
band centered at 700 nm is clearly due to the 5D0 → 
7F4 transition of Eu
3+ 
[130,131]. Thus, the excitation of the Cl-Hec host sensitizes Tb3+ more efficiently 
than Eu3+. Moreover, these results indicate that the Tb3+→Eu3+ energy transfer 
process in this host is not efficient [III]. 
The F-Hec:Eu3+,Tb3+ materials show mostly Eu3+ electronic transitions in 
their respective emission spectra with excitation at 255 nm (Figure 35). The 
transitions centered at 580, 592, 613, 653 and 700 nm, are due to the 5D0 → 
7FJ 
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(J=0,1,2,3,4) transitions of Eu3+ions [131,132]. Moreover, there are two bands 
associated to Tb3+ electronic transitions: the bands centered at 489 and 543 nm 
which are due to the 5D4→
7FJ (J=6 and 5, respectively) transitions of Tb
3+ [131]. 
Therefore, these results indicate that the excitation of the F-Hec lattices sensitizes 
better Eu3+ or that the Tb3+→Eu3+ energy transfer process is more efficient in the 
F-Hec lattice than in the Cl-Hec lattice. It has been reported that in some cases 
this energy transfer is phonon assisted [132], which could be an explanation to 
the more efficient Tb3+→Eu3+ energy transfer in the LS(F) host than the LS(Cl) 
one [III]. 
 
Figure 35 .  Emission spectra (λe xc: 255 nm) of the F-Hec:Eu3 +,Tb3+ and Cl-
Hec:Eu3 +,Tb3+ materials [III].  
 
The excitation spectra of the X-Hec:Eu3+,Tb3+ materials (Figure 36) 
confirms the preference of the Tb3+ center to its emission in the Cl-Hec materials, 






























































































and the Eu3+ as preferential emitter center in the F-Hec materials. When the 
emission spectra of the X-Hec:Eu3+,Tb3+ materials are recorded at 543 nm of 
emission (Figure 36, top), two main broad bands are observed at ca. 260 and 285 
nm. They are related to the band gap energy [119] and the (O2-(2p))→TiIV 
LMCT, respectively. These bands have higher intensity for the Eu3+,Tb3+-doped 
Cl-Hec materials, in agreement with the observations in the emission spectra, 
confirming the trivalent terbium as main the emission center in these lattices. 
The excitation spectra (λem: 612 nm) of the X-Hec:Eu
3+,Tb3+ materials 
(Figure 36, bottom) show all bands in much higher intensity for the F-Hec doped 
materials. The peaks related to the Eu3+ electronic transitions are seen from 390 
to 540 nm. They are assigned to the 7F0,1→
5DJ (J=3, 2, 1) electronic transitions 
of Eu3+ [127]. The broad band at ca. 280 nm is related to the (O2-(2p))→Eu3+ 
LMCT and it may be overlapped with the (O2-(2p))→TiIV LMCT, and the band 
associated to the band gap energy at ca. 260 nm [119]. Since all bands have higher 
intensity for the F-Hec:Eu3+,Tb3+ materials, these results are coherent with the 
respective emission spectra, indicating Eu3+ as main luminescence center in the 




Figure 36 .  Excitation spectra (λe m: 543 nm (top) and λe m: 612 nm (bottom)) of the 
F-Hec:Eu3 +,Tb3+  and Cl-Hec:Eu3 +,Tb3+ materials [III].  










































































































































The halogen-hectorites (X-Hec) have been successfully synthesized and 
the chlorohectorite, bromohectorite and iodohectorite materials are reported for 
the first time in this doctoral work. According to the XPD patterns, all X-Hec 
materials have similar hexagonal crystal structure to the nanocrystalline 
fluorohectorite, without formation of impurity phases. The X-Hec materials are 
nanosized along the 001 direction (3 nm), presenting a d001 spacing of 14.30 Å, 
which is suitable for intercalating two monolayers of water at RT. The STEM 
images of the X-Hec materials further confirm their plate-like structure.  The 
XRF spectra confirmed the expected chemical composition of the X-Hec 
materials, and show an additional presence of Ti as impurity for all X-Hec [I-IV]. 
The FTIR spectra of the X-Hec materials do not present the signals 
associated to the hydroxyl groups in the octahedral layers of hectorites, indicating 
the total replacement of the hydroxyl groups of hectorite by the respective 
halogens. The 29Si NMR spectra of all X-Hec materials show the Q3 and Q2 
signals predicted for the tetrahedral layers of hectorites, indicating the formation 
of analogous chemical environment. The nitrogen sorption isotherms of the X-
Hec materials show that all of them are mesoporous materials with high specific 
surface area (ranging from 249 to 514 m2g-1), which make them potential 
candidates for application as gas sensors or in electrochemical devices for charge 
storage. Moreover, all X-Hec materials show good thermal stability up to 750 – 
800 °C, where the highest tolerable temperature varies according to the X-Hec 
type [I-IV]. The X-Hec materials have shown good chemical stability under 
atmospheric air, because there have been no signs of differences in their 
properties during two years of exposure to air. However, further studies would 
be necessary in order to define the chemical stability of the X-Hec materials, 
evaluating if their features could be affected e.g. under basic/acidic medium, and 
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for how long the X-Hec materials can keep their stability when exposed to 
atmospheric air. 
The X-Hec materials present a blue-green emission under UV-radiation, 
which is attributed to titanium impurities acting as the luminescent center in these 
materials. This main emission presents a red shift with the increase of the π-donor 
strength of the ligands, which decreases the energy difference between the eg and 
t2g levels thus red shifting the emission. The barycenter of the main emission 
varies with the excitation wavelength, indication that the titanium centers occupy 
multiple sites in the host lattice. The excitation spectra further confirms Ti3+ as 
luminescent center showing the bands related with the electronic transitions from 
the t2g to eg energy levels of Ti
3+ and e-(O2-(2p))→TiIV CT. Moreover, all X-Hec 
show a short persistent luminescence of ca. 5 s indicating the existence of electron 
traps which can store excitation energy for a short time. The TL glow curves 
indicate that these traps are very shallow at RT for all X-Hec materials, which 
explains their respective short persistent luminescence [I-IV]. However, the 
luminescence properties of the X-Hec materials may present changes if measured 
at moderate to high temperatures (from 300 to 600 °C): it is expected that the loss 
of the hydrated water would improve the luminescence efficiency of the X-Hec 
materials by eliminating (totally) the multiphonon de-excitation effect of the OH‒ 
ions. Due to time limitation, such investigation was not realized in the current 
work, but it is a perspective for follow-up research with the X-Hec materials. 
The X-Hec materials also demonstrated a high potential to act as host 
lattice for RE3+ ions, without the addition of organic molecules as “antennas” in 
their structure. The F-Hec and Cl-Hec materials doped with Eu3+ and/or Tb3+ 
show the respective emission and excitation bands of these RE3+ ions. However, 
when the materials were co-doped with Eu3+ and Tb3+, the Eu3+ emission was 
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predominant in the F-Hec materials, whereas Tb3+ dominated the emission in the 
Cl-Hec materials [I-IV]. 
Several future applications can be proposed based on the versatility of the 
X-Hec materials presented in this thesis. One promising application is the usage 
of X-Hec materials for producing supercapacitor materials by obtaining 
nanocomposites of X-Hec and graphene, since preliminary studies have 
demonstrated a moderate supercapacitor behavior for the X-Hec materials. 
Another possible easy application of the X-Hec materials is as a heterogeneous 
catalyst in polymeric reactions: the easy modification of the X-Hec structure 
together with their nanosize are promising features to generate a functionalized 
modifier of the polymer structure, thus enhancing the physical properties of the 
final product. Also, the production of p-n type of solar cells having the X-Hec 
materials as the n-type element can be studied, because of the X-Hec materials’ 
abundance in negative free-carriers in their negative layers. Regarding to the Eu3+ 
and/or Tb3+-doped X-Hec materials, they could be used in quantitative 
determination of bio-molecules, and bio-imaging in vitro, due to the high bio-
compatibility of clay minerals. Moreover, up-convertor materials may be 
obtained through the co-doping of X-Hec materials with RE3+ ions, e.g., 
Er3+/Tm3+/Yb3+, Yb3+/Tm3+, Tm3+/Er3+ etc. Such up-converting materials could 
be used as light-converting elements, enhancing the efficiency of commercially 
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